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ABSTRACT 


The physico-chemical characteristics of metallocomplexes of 
glycogen phosphorylase in both the solution and crystalline states of 
the enzyme were examined to establish the degree of structural cor- 
relation between these two physical forms. One metal derivative, 
platinumdiamminodichloride, was selected for investigation due to the 
covalent mature, of ifs complex formation, its ligand specificity and 
its prior use as a heavy atom derivative in the x-ray maps of both phos- 
phorylases a and b. The paramagnetic character of gadolinium trichloride 
Salts) im conjunction with the large changes Gd induces in phosphorylase 
properties, supported the use of this lanthanide element as a second 
derivative. 

Metal induced perturbations of the enzyme were indicated by 
activity, sedimentation velocity, spectral and chemical modification 
studies. The occupancy of metal sites was examined with titration curves, 
n.m.r. techniques, atomic absorption analyses and spectrophotometric 
assays. 

In the solution state, Pt derivatives of phosphorylase exhibit 
monomerization, inactivation, PLP perturbation and the loss of a titrat- 
able sulfhydryl group in either the N or the A peptide. The solution 
site was compatible in several aspects with the environment of Pt site l 
which was determined from x-ray analyses. Although evidence exists for 
a second Pt site, correlations with the crystalline state are tenuous. 

Three unique types of metal coordination sites were found 
with Gd derivatives of phosphorylase in the solution state. The highest 
affinity site alters the alpha aggregation and coenzyme sites. The 


secondary locus promotes tetramerization of phosphorylase a and nucleo- 
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tide-phosphorylase b complexes, while retaining the integrity of both 

the active and the coenzyme sites. The lowest affinity Gd site(s) promotes 
gross protein conformational changes as evidenced by the loss of AMP 
homotropic cooperativity, polydisperse molecular weights, enhanced 
reactivity of Cys residues with DTNB and PCMB, inactivation and increases 
in the absorbance at 415 nm. Based on these properties, the Gd sites 
established from x-ray analyses, are tentatively matched with the highest 
affinity solution site correlating with Gd site 1 and the secondary 
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Chapter I 


Introduction 


A dominant method of analyzing the structure of biological 
macromolecules, x-ray crystallography, examines a molecule in the solid 
State. However most biochemical techniques are orientated towards the 
solution state of a molecule. Questions naturally arise concerning the 
extent of correlation between molecular structures under crystal lattice 
restraints and those within solution. To approach this question, metal 
derivatives of glycogen phosphorylase (E.C.2.4.1.1.) were utilized. By 
examining the physico-chemical properties of the metallo complex of the 
enzyme from the perspective of the protein environment of the metal site, 
determined from x-ray crystallographic maps, the degree of similarity 
between the two physical states of phosphorylase could be assessed. 

Before proceeding with current developments concerning this 
topic, a few characteristics of the enzyme will be mentioned to facilitate 
subsequent data interpretation. For a detailed and comprehensive review 
of this enzyme, the reader is referred to the excellent article published 
by Graves and Wang (1). Glycogen phosphorylase in vivo catalyzes the 
phosphorolysis of a-1,4-glycosidic bonds in polysaccharide chains, 
releasing G-1-P and a dextrin chain shortened by one glucose residue. 
Since, in vitro, the reaction is reversible, subsequent activity assays 
monitored the release of inorganic phosphate. Although kinetic analyses 
have established the rapid equilibrium random bi bi mechanism of catalysis 
(2), ‘the actual structure and function of active site amino acids have 
yet to be elucidated. Phosphorylase exists as two interconvertable forms 


linked by enzymes governing the phosphorylation state of Ser 14. 
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Phosphorylase a in the absence of effectors expresses activity, whereas 
phosphorylase b, which lacks this phosphate moeity, requires AMP or IMP 
or certain AMP analogues for catalytic efficiency. 

Both forms of the enzyme are most active in the dimeric state, 
although tetrameric phosphorylase a may possess some degree of activity 
(3). The dimer-tetramer equilibrium is governed primarily by substrates 
and AMP, whereas subunit dissociation is increased upon incubation with 
the allosteric inhibitor ATP or upon chemical modification of the 
enzyme's sulfhydryl groups (4). The molecular weight of each subunit 
has been assessed as 9.25 X 10% (5). 

The absorption peaks observed at 330 nm and 415 nm in a 
spectral scan of phosphorylase are attributed to the coenzyme, pyridoxal 
5'-phosphate. Evidence from model studies (1), iodide fluorescence 
quenching (6) and ethylene glycol experiments (7) have assigned this 
vitamin Be analogue to a partially closed hydrophobic pocket within the 
native enzyme. The accessability of PLP to solvent is governed by allo- 
steric modifiers and subunit interactions (8). The theories of most 
groups coincide on the designation of the 415 nm absorption band to a 
schiff base formed between PLP and an € amino group of a lysine residue. 
Since reduction of this imine bond resylts in a 40 to 604 loss of 
activity, implication of this bond in the catalytic mechanism was ruled 
out. However resolution of the coenzyme resultS . in enzyme inactivation 
and monomerization. 

The assignment of the tautomeric structures of PLP in the native 
and chemically modified enzyme remains in controversy. A recent paper by 
Feldman and coworkers (9) outlines the current status of the situation. 


Basically this group postulates along with Graves et al (7), that the 
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increase in the 415 nm optical density observed with the enzyme at low 
temperatures oy. pH or high donic strengths ;, due to an increased 
exposure of the coenzyme in the schiff base form to water molecules. 

In the native state, within a partially closed pocket, the PLP exists 

as a zwitterionic schiff base with an unprotonated 3 hydroxyl group 
absorbing at 330 nm. The alternate approach of Honikel and Kent 
attributes the shift in peak intensity to a reflection of an equilibrium 
change between a substituted aldimine (10) or a carbinolamine (11), 

and the schiff base. Admittedly the absorption spectra of 3-O-methyl PLP 
and the chemical shifts induced in the model systems in both polar and 
apolar solvents upon schiff base formation argues in favour of the former 
proposal, however its reconciliation with the following fluorescence data 
is more questionable. Honikel found that the quantum yields of PLP 
reacted with lysine in 95% dioxane/water were too low relative to native 
phosphorylase. The yield could be increased by acidification. If the 
coenzyme existed solely as the schiff base, protonation of the 3 hydroxyl 
group of PLP at lower pH values would further decrease the quantum yield. 
Conversely the increase in the hydronium ion concentration would shift 
the equilibrium of the carbinolamine in favour of the schiff base result- 
ing in fluorescence enhancement upon excitation at 415 nm. These concepts 
will be expanded further in subsequent sections. 

Although metal ions are not involved in the catalytic mechanism 
directly, such divalent cations as Mn(I1), Mg(II), Ca(II), Sr(II) and 
Ba(IL) are required for enzyme crystallization (10). With phosphorylase b, 
tetramerization occurred only in the presence of AMP and millimolar 
concentrations of certain metal ions (12). This may be attributed to the 


increased affinity of phosphorylase b for AMP in the presence of high 


» a a 


' vot aevsae ot es nese mee om 


i adit 4 - 
ro J henkeess 4h 1 ik gh oxtaeard es ea a 
; © : A wyntteod ott 
: r - iw Of. GT Ome Ad Py bof " © ‘ 7 - 
: . eeluoelos : od, nn ; 7 - 
4 7 ® 3v: 
P in| o, Ss; “ eda waem™, 2 yr | | t } iy 3 7 <a 
- 
} i f fal ' | 7Vdse 7 a¢Ge 
i? 7% ‘ » t i 4 
i} 
; ‘ j > We POUL \ i prin! 
7 i . j Ue 
fol tel I az Vos 4 . | 
, {ab} , ae 
a ; . d +) Ami 
i 
hy Sils 
i 2 } a | Lay 
6 ‘ | sO Bin ) 7 
ay | F, Z 4 i i SA j 
nm og 
s I j ¥ TE. } is $ 
i zVv¥ é ! t h j 
” ; i quite 
= 
I ' i j if : 
3 } - 
\ ' jb j i | , ' o x Sites i: 
< é U i ik {it r , i ~& ewthaal ot 4 
’ ne Lis 
yd roi lLebaoge? OE oF a 
_ 
era stintedns Wd of twowdyva 1 leswavdn piiieie 
! 7 
a 
‘ bee TST ee POT IeS Gy Iya gt ty .. 34a" an bad a Chi 
‘af esate pide BPid 04 (01) motes. ds piv ‘Aa Pere joie 
« ean - : ; 
Lf ’ 


- 


ss 


7 
CALA Artem HA No Hadte’ in bai 


eee ae sseainlie rll fine! sabe sft 
cal — Bo oh cut F gquaiel a T 


- 


concentrations of Mg(II) (13). In 1971, the Oxford group utilized the 
paramagnetic properties of Mn(II) to study its interactions with phos- 
phorylase b in the presence and absence of substrates and modifiers (14). 
The sigmoidal response of the water proton relaxation enhancement to 
increasing concentrations of AMP in conjunction with later P3! nvmer. 
results suggests the close proximity of this high affinity metal site 

to the active site. The second site for Mn binding exhibit,. an apparent 
dissociation constant in the same range as metal concentrations required 
to promote tetramerization. 

Some evidence has recently been published concerning the 
relationship between protein orientation in the crystalline and the 
solution states of phosphorylase. Kasvinsky (15) conducted activity 
studies with crosslinked tetragonal crystals of both phosphorylase a and 
b utilizing maltoheptaose as a glycogen substitute to overcome the 
crystal's inherent diffusion problems. Although the activities are 
significantly lower than the corresponding solution form, crystalline 
phosphorylase is definitely functional catalytically, as the i values 
of both substrates, G-l1-P and maltoheptaose, are comparable in both 
physical states of the enzyme. In addition the distance calculated by 
Radda and coworkers (16) between G-1-P and AMP utilizing the paramagnetic 
effects of Mn in the phosphorylase b quaternary complex concurred with 
the crystallographic distances determined with phosphorylase a (17). 
Both approaches are indicative of conformational similarities between 


the two physical states in the region of the active site. 
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Chapter II 


Materials and Methods 


A. Materials 


The metals platinumdiaminodichloride, GdCl "OHO and LaCl 


3 3 

were purchased from Pfaltz and Bauer Inc., Ventron and Fischer Scientific 
respectively. Pyridoxal and PLP were received from Sigma as were p-chloro- 
mercuribenzoate, DINB and glutaraldehyde. Reagents for the carbodiimide 
modification, glycine ethyl ester + HCl and N-ethyl-N'-(3-dimethylamino- 
propyl) carbodiimide were obtained from Aldrich and ICN Pharmaceuticals 
respectively. Substrates glucose-l-phosphate and AMP were obtained from 
British Drug Houses and Terochem Laboratories Ltd. Glycogen was freed of 
AMP by passage through the chloride resin Dowex AG 1-X8. Quinoxaline- 
dithiol was obtained from Eastman Laboratories. All buffer reagents 


were purchased from standard biochemical supply houses and were of the 


highest purity available. 


B. Methods 


1. Protein Preparation 

Crystals of glycogen phosphorylase b and a were prepared from 
rabbit skeletal muscle via the respective methods of Fischer and Krebs 
(18); Krebs and Love (19). In both techniques, DIT was substituted for 
cysteine. The enzyme was recrystallized at least three times prior to 
use. Calculations from the phenylhydrazine assay of Wada and Snell (20) 


were used to determine the extent of NaBH, reduction of phosphorylase b 


4 


in media of high ionic strength (21). 
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Prior to metal addition, phosphorylase was passed through a 
Sephadex G-25 column equilibrated with the appropriate buffer. 

Tetragonal microcrystals of the enzyme were obtained by the 
method outlined by Kasvinsky (15). Repeated centrifugation at 100 rpm 
and resuspension in buffer A (10 mM BES, 1 mM EDTA, 5 mM DTT, 50 mM 
glucose, 10 mM HOUT pH 6.8) for phosphorylase a or in buffer B 
(10 mM BES, 1 mM EDTA, 5 mM DIT, 2 mM IMP, 10 m™ — DH °6.8)) for 
phosphorylase b were used to size the microcrystal suspensions. Since 
activity studies with native crystals led to their solubilization, 
glutaraldehyde was used as a crosslinking reagent. Aliquots 
me 1 Se 1072 7 glutaraldehyde were added at zero and 40 min to the 
enystal fsuspension. Arter a 60 mins incubation at 25°C.) the reaction 
was quenched by repeated washings with IMP and EDTA free buffer B in the 
case of phosphorylase b and EDTA free buffer A for phosphorylase a. It 
was necessary to remove excess nucleotide as Gd reacted via the phosphate 
group to form insoluble adducts (22). After soaking in either 10 mM Gd 
or 1 mM PAC overnight at 16°C , the crystals were washed to remove excess 
metal and resuspended in buffers A or B. 

Enzyme activity was monitored in the direction of glycogen 
synthesis. The assays outlined by Cori et al (23) and Hedrick (24) were 
used to follow P. production Jat 30°C. Substrate! solutions at pl 6.6 
contained 2 mM AMP, 2% glycogen, 32 mM glucose-l-phosphate for the 
former method and 2 mM AMP, 2% glycogen and 0.15 M glucose-l-phosphate 
for the latter. Equal volumes of substrate and buffer containing 
3-5 micrograms of enzyme were combined to initiate the activity assays. 
The utilization of concentrations of G-1-P exceeding saturating levels, 


as in the Hedrick method, resulted in the linear production of Po or zero 
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order kinetics. 


Aliquots from a microcrystal suspension containing approximate- 
ly 0.2 mg of protein per ml of substrate were assayed for oe production 
at 30°C. by the method of Gold (25). In accordance with substrate 
permeability and diffusion difficulties encountered by the enzyme in the 
solid state, maltodextrins ranging from 3 to 7 glucose moieties in length 
were substituted for glycogen. The substrate for phosphorylase b crystals 
contained 2 mM IMP, 25 mM glucose-1l-phosphate, 1 mg/ml maltodextrins, 
10 mM BES, 1 mM DIT at pH 6.8. In phosphorylase a assays, 50 mM glucose 
was substituted for 2 mM IMP in the above solution. 

Protein concentration was determined by the absorbance 
1% 


at 280 nm with a value of ES i332 (26) 2 Microcrystals hydrolyzed: in 
m 


c 
O.1 M NaOH for 12 hr at 70°C and chemically perturbed phosphorylase 
were assayed according to Lowry et al (30). When necessary, mercaptan 


interference was removed by the method of Ross (28), prior to Lowry 


analyses. 


2. Platinum Analytical Techniques 


: M Pt were hydrolyzed 


Protein samples containing 5 to 30 X 10° 
in 6 N HCl at 110°C for 25 hr. The vacuum dried samples were dissolved 


in the appropriate solvent for each assay. 


as QDT/SnC1, method 

The metalloprotein pellet was dissolved in 0.5 ml of 5.8 N HCl 
prior to the addition of O07) ml of 107 Sno1,/5.8 N HCl. After the 
addition of 1 ml of dimethylformamide, the tube was cooled to room 
temperature before adding 0.2 ml of 1% quinoxalinedithiol (QDT) in 


dimethylformamide. After shaking,the volume was adjusted to Legian § 
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Absorbance at 624 nm was recorded after 1.5 hr of colour development 


(29). The optical densities decreased after SLardimiegnrorecoanbe,uDue 


their relative intensities were retained. 


b. atomic absorption 

Atomic absorption data was collected on a Pie Unicam instrument 
model SP90A. The sample pellet was dissolved in 0.1 M HCl and aspirated 
into an acetylene/air flame. Gas flow was maintained at 1.25 1/min , 
while air flow was 5 1/min and the current was 9.9 milliamperes. 
Platinum absorption at 285.2 nm with a slit width of 0.031 nm was stan- 
dardized against Boy stock solutions. ee at 2000 ppm was added to 


each sample to decrease ionic interference (30). 


3. Spectral and Ultracentrifugation Studies 

Sedimentation velocity studies were conducted at a speed of 
56,000 to 59,000 rpm in a Beckman Spinco Model E ultracentrifuge equip- 
ped with schlieren optics. The Kel-F centerpiece was maintained at 20°C. 

A Zeiss PMQII spectrophotometer equilibrated at 30°C or 25°C 
monitored changes in the 330 nm and the 415 nm absorption peaks. Spectral 
scans were recorded on a Durram prism grating spectrophotometer model 
D200. 

The excitation and emission spectra were recorded on a Turner 
210 absolute spectrofluorimeter, with samples absorbing at less than 
0.1 0.D. at the excitation wavelength. Fluorescence yields were calculat- 
ed by dividing the area under the emission peak by the concentration of 


the molecular species absorbing at the excitation wavelength. 
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4, Preparation of PLP-Val Schiff Base 
Model studies with pyridoxal and PLP were conducted at pH 6.8 
in 30 mM BES in the presence and absence of 18.5 mM Gd. Pyridoxal 
phosphate valine was prepared by incubating 0.2 mM PLP and 2 mM Val in 
absolute methanol at 30°C for 3 hr (31). Gadolinium was added at a 
5) 


concentration of 5 X 10 ~ M and incubated for 15 min prior to spectral 


analyses. 


5. Polarized Light Technique 

Optical data were collected on a Cary 60 spectropolarimeter 
a CD attachment regulated at 25°C. The metalloprotein was prepared by 
incubating phosphorylase b at 5 mg/ml in 10 mM BES, 1 mM DTT, 1 mM EDTA 
arapuaora wiltiwe: ten molarsexcess of PAG for I20hnr wat 25 Os lhe native 
and modified enzyme were dialyzed against two changes of the above 
buffer for 16 hr. ORD and CD spectra were monitored over the respective 
ranges of 600 nm to 300 nm and 250 nm to 205 nm which are troughs 
corresponding to the peptide backbone. Linear regression analyses of 
Yang-Moffat plots (32) generated > and - values which were used in 
calculating the fractions of alpha helix, beta sheet and random coiled 
structures as outlined in Appendix 2. The coefficients determined by 


Chen et al (33) were used to convert the ellipticity parameters to the 


secondary structural components. 


6. Phosphorous N.M.R. Spectroscopy 


Spectra of phosphorous resonances were recorded at 109.3 MHz 
(6.34 Telsa) with a HX 270 Bruker N.M.R. spectrometer. Each spectrum 
represented a 5000 Hz sweep width of 52,000 transients | Each transient 
was observed during a 0.41 sec aquisition time with a 1.3 sec delay 


between 45° pulses. 
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Proton decoupling with 5 W. continuous wave was used to simplify the 
spectrum. Data was weighted with a line broadening of 100 Hz. Phosphoric 
acid was used as a chemical shift reference and the sample temperature 
was maintained at 300°K. 

Measurements were obtained with 2 ml samples containing a 
(ayes 6 Oe M concentration of AMP free phosphorylase b in 30 mM BES, 
3 mM DIT pH 6.8. Due to its ability to chelate Gd, EDTA was not present 
in the buffer, however special precautions were undertaken to minimize 
paramagnetic contamination. The metalloprotein was formed upon the 

4 


addition of 5.5 X10 °M CdCl, to an NMR tube of 10 mm diameter 


containing the native enzyme. 


7. Water Proton Relaxation 

The logitudinal relaxation rate of water protons was determined 
by using a non-linear least squares fit of pulse heights to tau values 
to calculate the tau null value described by Carr and Purcell (34). A 
Varian NMR spectrometer operating at 40.5 MHz was used and the temperature 
of the 0.5 ml sample was nee Phosphorylase b freed of AMP as described 
previously was buffered in 30 mM BES, 3 mM DIT pH 6.8. Data were collected 
between 1 to 2 hr after Gd addition and were analyzed as outlined in 


Appendix I. 
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Chapter III 


ineeractions: of PAG Wath Phosphorylase b 


A. Introduction 

Platinumdiamminodichloride, PAC, was used as a heavy metal 
derivative in the x-ray diffraction studies of phosphorylase a (17) 
and phosphorylase b (35). The chemistry of this metal differs markedly 
from the lanthanide elements. Platinum, a d-transition metal, which has 
an Lonnie radius of 052 Ae exhibits an oxidation state of +2 in the 
PAC complex. PAC exists primarily as a square planar structure coor- 
dinating four ligands via Wer hybridization. The amino group coordinates 
to the metal by donating an electron pair in the nitrogen's ae orbital 
to a vacant subshell on the metal (36). Since this sigma bond is more 
stable than the forces coordinating the chloride ligands, nucleophilic 
substitution occurs preferentially at the chloride sites. PAC is a bifunct- 
ional reagent with the distance between substitution sites dependent on its 
PsOmerle state.» Nereis asomer las, two positions 5.3 Ne apart open to 
nucleophilic attack. Since the metal bound amine possesses no significant 
trans influence on the chloride platinum bond, substitution at the halide 
is the rate determining step. 

In addition, nucleophilic attack is highly dependent on pH and 
the anionic species ele! in SOLULLON. . At neutialiley, (the most 
reactive amino acids are Glu, Asp, Arg, Tyr, Cys, His and Met (37). 
As these amino acids become protonated, their reactivity with PAC 
decreases. Another study utilizing both equilibrium dialysis and 


chlorimetry to monitor the reaction of different amino acids with 
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cis (dipyridyldichloride) Pt(II) demonstrated the Lapid Teactivityror 
Cys and Met residues in the pH Sea ee (3a). 

To elucidate the dynamic structure of the Pt-sulfur bond, 
NMR data were. collected with cis-bis-(dibenzyl-sulfide)-dichloro Pt(I1) 
(39). Their results indicate sulfur inversion about the metal without 
concomitant bond dissociation. The proposed inversion mechanism has 
sulfur retaining a distorted tetrahedral configuration while the Pt atom 
formS sigma bonds alternately with the two sulfur lone electron pairs. 

Wade et al (40) compared the binding of PAC and NAD’ in both 
the crystalline and solution states of malate dehydrogenase (MDH). 
Reference to x-ray crystallographic maps place, the Pt sites on the 
protein solvent interface. The metalloprotein is inactive in solution 
with only a small percentage of activity reinstated after extensive 
adtalvei euorvcel filtration. “At tatmolar ratio of PAG to MDH ot 300, the 
pseudo first order rate constant for inactivation “is 72.3 X ie one. 

Evaluation of the ribonuclease~PAC complex in the solution 
state demonstrated pH induced metal specificity. At pH 8.0, the metal 
coordinates covalently to His 119, whereas at pH 5.5 a second site, Met 
LO ase prererred (4), 

Although several other related papers have been published 
recently, the same basic principles are exemplified. PAC slowly forms 


covalent bonds with unprotonated surface functional groups of proteins. 


B. Results 


L. PAC Coordination to Phosphorylase b in the Solution State 


-, FF : > pte 
7 Fy ny ; ha 
- 7m ‘i? 7 7 


. 
c Per Tere a heeetan Cares suteawd! aston } a 5 0 vi 


7 = EY \e , ; q* Why pg 


ei gutias-4 dh ‘ Gp? hai Am 


(73)3 ai Mts & : ie at] ot § ° ’ > F @ betta veer 


ian ties sled wae 


¥ 7 ~) ely : f { i aye 
7 _ 
' t i ijigenedit niall tert 
7 1 
by ] i on , | 4 
bad a4 ‘ay i +4 
«4 
‘ 
> My j oa y 
i t #*%@e 
mw ‘ * ¥ 
op 
- 
ll ‘ i t 
* ; 4 
i usta sti ay 
i= " 
By « a 
» } i H j ‘ap itybeh ted -_ 


— on - 


a 
TTA we iv 


i. 


a. Number of Metal Binding Sites 
i. Atomic Absorption 

Although atomic absorption possesses lower sensitivity than 
the succeeding spectrophotometric method, it jg highly specific for 
Pt ions. To overcome the light scattering effect of macromolecules in 
solution, the metalloprotein was hydrolyzed and lyophilized prior to 
analysis as outlined in Methods. The freeze-dried sample was dissolved 
in a minimal amount of buffer containing baer: The lanthanum acted as 
an ion scavenger since anionic complexation with Pt decreased the 
concentration of Pt°® and hence the detection limit. 

Phosphorylase b was preincubated with a 10 molar excess of PAC 
for 24 hr at 25°C or until inactivation had ceased. Extensive dialysis 
removed the unreacted metal. Extrapolation from a standard Pt curve 
corrected for anomalous absorption with hydrolyzed native enzyme 
detected 2.2 + 0.1 Pt binding sites per monomeric unit. This value is 


the average of four separate determinations. 


ity spectrophotometric 

A modification of the 2,3 ES SAO pa eI method 
developed by Janota and Ayres and outlined in Methods gave reproducible 
results with hydrolyzed and vacuum dried samples. Stannous chloride 
served to reduce Pt(IV) to Pt(II), the metal oxidation state which react- 
ed with the sulfhydryl groups of QDT to produce a coloured adduct. 
Metalloprotein samples were prepared as outlined in Methods. Linear 
regression analyses of PAC standard curves corrected for anomalous 
protein interference were used to calculate the presence of LG Ae A ta) i ke ya) a 


binding sites per subunit. 
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The complexation of PAC with phosphorylase Db ain addition to 
promoting enzyme inactivation, altered the optical density of the 
coenzyme's characteristic absorption bands. To ascertain the specificity 
of metal binding, these parameters were assayed as a constant concentra- 
tion of enzyme was titrated with the metal. 

Ay PLOL TOL Zero Order activity relative tomative values. Fie.) Ie 
with a PAC to monomer fou ratio of 0.18 to 4.3 demonstrateS a distinct 
intlection with a 1.8 molar excess of metal. 

Figure 2 outlines the metal induced spectral changes. Enhance- 
ments in the peak intensities at 415 nm and 330 nm increase to a plateau 
with optical densities respectively 3.6 and 1.4 fold greater than the 
native enzyme. The fact that alterations in the spectra of the coenzyme 
preceeded inactivation indicateS the involvement of either two or more 
unique PAC sites or a single site capable of inducing two conformational 
changes at different rates. 

Increasing the metal to monomer mole ratio above ten results 


in immediate protein turbidity. 


Cee itactivation ovudies 

Lineweaver Burk plots with varied concentrations of G-i-P in 
two different buffer systems, glycerophosphate and BES, confirme: the 
non-competitive inhibition of phosphorylase b by PAC. Prior to activity 


determinations, the enzyme was preincubated with either a |0:.:0 or a 


10:1:25 mole ratio of PAC:monomer:Mg for 12 hr. at 30°C. 7 results 
from linear regression analyses are cited in Table |. 
Within experimental error, the presence of My had a negligible 


effect on the catalytic inefficiency induced by PA©, but it did confer a 
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Figure 1 


Activity titration curve of phosphorylase b equilibrated with 
varying concentrations of PAC. Plot of the fraction of control 
activity retained under conditions of zero order kinetics vs. the 
molar ratio of PAC to monomer. The concentration of phosphorylase b 
was 8.5 X Ome M in 30 mM BES pH 6.8. Samples were assayed after a 
19 hr. incubation at 25°C. with the indicated metal concentration. 


The x intercept was calculated via linear regression as 8.7 + 0.1. 
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Figure 2 


Spectral titration curve of phosphorylase b equilibrated 
with varying concentrations of PAC. Plot of molar absorbtivity at 
415 nm and 330 nm against the molar ratio of PAC to monomer. 
Reaction conditions were identical to those in Figure l. 
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Kinetic Properties of PAC Modified Phosphorylase b 


Menes ‘i eS LEE . 
G 


‘\ COMPLEX PAC-b PAC-Mg-b native b 

BUFFER . 7 _ 
Sipe STDs STDs 
DEV. DEV. DEV. 


glycerophosphate V SNS) Bee 
max 
(20 mM) Kn Be0ae “OCD 
BES V PORT EE aed | 
max 
(30 mM) Kn eet SAO eye) 
reference (1) V 65 
max 
K 31.0 
m 


= 
Phosphorylase b at a concentration of 5.2 X 10 M was preincubated with 


4 5) 4 


Giese lke, L0e MMe or 5.2 X 10. M PAC for 12 hr. 


M PAC and 1.3 X 10° 
at 30°C. prior to the determination of enzymatic activity at varying 
G-1-P concentrations in the presence of 1% glycogen, 1 mM AMP pH 6.8. 


Slopes and intercepts of double reciprocal plots of activity versus 


G-1-P concentrations were calculated via linear regression analyses. 
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slightly lower affinity of the enzyme for G-1-P. Glycerophosphate 
promotes binding of G-1-P to the metalloprotein relative to BES. 

Phosphorylase a at a concentration of 5.2 X 10M is inact- 
ivated upon incubation at 30°C with a 9.2 molar excess of PAC, as 
depicted in Figure 3. Spectrophotometric experiments with complexes 
of phosphorylase a reacted with PAC ions were discontinued 


due to the viscous, turbid protein suspension incurred upon incubation 


with the metal. 


d. Ligand Protection of the Enzyme from Metal Induced Inactivation 
Increasing the concentration of G-l1-P from 16 to 60 m™ results 
in a slight decrease in the reactivity of phosphorylase b with PAC as 
illustrated in Figure 4. Since the Lineweaver Burk plot indicates the 
noncompetitive inhibition of phosphorylase b by PAC, this protection 
is due solely to indirect modification by G-1-P of the Pt site involved 
in inducing inactivation. 
Phosphorylase b at 4.7 mg/ml, was preincubated with 2.67 mM 
AMP tor 20 min at 30°C béfere the addition of 0.5 mM PAC. ‘The slight 
degree of protection observed could be attributed to PAC complexation 
at the unprotonated sites of the nucleotide rather than an AMP induced 
conformational change. 
The effect of PAC binding on the homotropic cooperativity of 
AMP was examined in the double reciprocal plot in Figure 5. Phosphorylase 
5 5 


b at a concentration of 9.2 X 10 - M was incubated with either 13.8 X 10 -M 


2 MePAG for 1.5 hr =eate 50 .C. sin s0emMiBior pheo.6, pL Lorem co 


Orso LO. 
activity determinations with 75 mM G-1-P, 1% glycogen and varied concen- 


trations of AMP. The allosteric effect of the nucleotide remaing intact 


at a metal to monomer mole ratio of 1.5, but jg . abolished with a 5 molar 


7 - i tan 


ar = cy iv? Rar sigan eoi@ 
= i 7 7 ” : ~ ie 
- —t2en! at " Z 4 aE aii 2 ba I hi < - a SnmeaN 


. ' : - - 


"ir 46 ned deadt 


- 6G 4A sei ; ay “"~ 
vi >er) 4 ae £ ore 
AoA 4. Gg 
j i - be 
} i} ; , 
; ul 
sa" 6 i ta 
or 
j j 
Pi ‘ i 
i P : ' iy 
i 
* 
t ones rey )) art uD soe gay oY 
: 4 2 - =? 
ral t » wv i } ; 
: j yeh 
ita wt ; 
4 } { i] ' 1 a | 
afeat py j i } j 
fl 
: : a. fv 
7 
r 
Oe Rie et eqi, cigs eB et om gulowid Ih) diy ene ye 
7 oa 
: one i qreior am «- wén jid Cm er Saar G3 eT fe 
7 
2 


4 


7 
a] Al IAs ie try ie ye OTe ‘ey u 


- - 


vet 
: a 
_ 
Lip iengeiateateei 
7 fend the ts eh 


ae - 
speaga « 0:8 MM We 


ty 


a 


> - 
he 
i . 


: my <= > 
a tow ad il ihe tA. 


Maid Sei ane, Sve ig OD 
‘ lov : i1é 7 > is 


Sy eee . 


1? 


‘o4 ® er "is - 


wy 


o 
} — 
ie oe 
F © t@ 
oe | 
ie dor le Yhady eek ? 
OR a JA hy eqei snd 


pre ve ,9, 6/02 i t@ & ie 
A Of 4 Gaie*iwd on 
a 


Figure 3 


Time study of inactivation of phosphorylase a upon incu- 
bation with PAC. Aliquots removed at set time intervals from a 


Mv PAC 


reaction system containing 5.2 X 1012 M onodomer wanda 7 ou 10m 
in 30 mM BES pH 6.8, were assayed for activity in a substrate 


solution containing 16 mM G-1-P, 1% glycogen pH 6.8. 
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Figure 4 


Glucose-l-phosphate protection of phosphorylase b from PAC 
induced inactivation. Plot of the slopes of the fraction of control 
activity retained against the molar ratio of PAC to monomer vs. the 
concentrations of glucose-l-phosphate. Phosphorylase b at a concen- 
tration of 5.4 mg/ml was incubated with various concentrations of 
G=l—Pefor 30) min. at. 30, Ceepnion to, the addition ote ertherealU0 ues. 
5, 30 or 50 molar excess of PAC. Aliquots were assayed for activity 
atter.a 5 hr. incubation with metal. The buffer consisted of 20 mM 
glycerophosphate, 1 mM DIT pH 6.8. Error bars were calculated from 


linear regression analyses. 
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Figure 5 


AMP homotropic cooperativity within the PAC-phosphorylase b 
complex. Plot of reciprocal activity in ( umo1/min/mg) 2 vs. recip— 
rocal AMP concentrations. Reaction conditions were outlined in the 
text. 

Owe) reciprocal activities in the absence of PAC or in 
the presence of a 1.5 molar excess of metal to 
monomer. V_  ~= 67 ym P./min/mg, K = 32 uM and 

max a m 
Ty Coromeht ap lot) eal hee Oest 

YommeesX reciprocal activities obtained with phosphorylase b 

incubated with a 5 molar excess of PAC. V = 30.5 
max 
pm P ,/min/mg, K = 34 uM and a (from Hill plot) = 
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excess of PAC. 


e. Fluorescence Spectra 

Ground state electronic spectra have demonstrated metal induced 
perturbations of the coenzyme. Since the excited state of a molecule 
is more sensitive to environmental changes, fluorescence data were collected 
ed to further elucidate the metal effects on enzyme bound PLP. 

The samples absorbed below 0.1 0.D. at the excitation wave- 
length. Phosphorylase b incubated with a ten molar excess of PAC in 
20 mM glycerophosphate, 1 mM DIT pH 6.9 for 12 hr at 25°C was excited 
dt s333°0nm.| Fluoréscence intensity at 535 nm was 21267 of the emission 
intensity of native enzyme. Since metal titrations indicate an increase 
in the 330 nm optical density, PLP quenching induced by PAC is. caused 
either by direct heavy metal effects or via indirect metal modulated 
conformational change. 

Figure 6 denotes the rates of inactivation and PLP fluorescence 
quenching upon formation of the metalloprotein. Quenching of the 535 nm 
emission intensity upon excitation at 333 nm preceedS inactivation 
within the same reaction system, correlating with the previously mention- 


ed metal titration data illustrated in Figure 2. 


£. Polarized Light Studies 

The extent of gross secondary structural changes in phos- 
phorylase b upon PAC binding was calculated from circular dichroism 
and optical rotary dispersion data. Enzyme at 5 mg/ml in 30 mM BES, 
1 mM DTT and 1 mM EDTA pH 6.8 was incubated with 0.5 mM PAC until 43% 
inactivated relative to native enzyme. Extensive dialysis of the sample 
against 5 mM BES, 5 mM EDTA, 1 mM DIT pH 6.8 reversed 2-3% of the 


inactivation. The metalloprotein was subsequently analyzed via atomic 
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Figure 6 


Time studies of the rate of inactivation and fluorescence 
quenching upon formation of PAC-phosphorylase b complexes. Plot of 
the fraction of control parameter with respect to peak area or 
activity vs. time. After the addition of 0.5 mM PAC to 2.6 mg/ml 
phosphorylase b in 20 mM glycerophosphate, 1 mM DIT pH 6.9, activ- 
ities or emission peak areas were assayed at set time intervals. 

Qt—m_==) activity of the metalloenzyme relative to native 

enzyme 

YouuoemsX peak area under 535 nm emission peak upon excita- 


tion at 333 nm relative to the native enzyme. 
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absorption to determine the amount of Pt retained. Each mole of monomer 
incorporates 2.4 moles of Pt. The fraction of protein residing in alpha 
helical, beta sheet and random coiled structures calculated from both 
methods is presented in Table 2. 

The large discrepancy between the two techniques may be 
accounted for in part by their inherent differences in resolution. ORD 
monitor S the differences in the refractive indices of L and D plane 
polarized light as they passed through the sample. Since each transition 
is spread over a large range of the spectra, resolution ig lower 
relative to CD experiments. The protein's preferential absorption of 
L or D circularly polarized light causes the CD peak to be centered near 
the electronic absorption band. Therefore the CD transition are sharper 
leading to higher data resolution. Previous results have indicated 
alterations in the PLP pocket upon PAC binding. Although CD and ORD 
readings were taken at wavelengths corresponding to the peptide backbone, 
perturbations in the PLP's assymmetry would influence ORD values. 

Within experimental error, the metalloprotein exhibits . only 
slight structural differences relative to the native enzyme. However 
two possibilities must be considered. Drastic conformational changes 


at a small number of sites in the protein, when averaged over the entire 


molecule would result in minor alterations of the net secondary parameters. 


In addition secondary structures in one area of the protein may be dis- 
rupted and reformed in another region, causing the overall result to be 


similar to the unperturbed native state. 


ommouleuvdry. Reactivity 


As mentioned in the Introduction, model studies indicated the 


preferential reactivity of PAC with Cys and Met residues at neutrality. 
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Table If 


Secondary Structural Parameters Obtained from Polarized Light Studies 


De eclyi 
structure 


iD reference 


PAC-b |native PAC-b | apo b native b | (phosphorylase a) 


random 
coiled 


After inactivation induced by incubation of phosphorylase b at a con- 
centration of 5 mg/ml with 0.5 mM PAC ceased, the metalloprotein was 
dialyzed to remove excess Pt ions. The ORD and CD spectra were monitored 
in the resultant complex at wavelengths corresponding to the peptide 
backbone. Calculations from Yang-Moffat plots and equations derived 
from model studies (Appendix 2) were used to determine the fraction of 
alpha helical, beta sheet and random coiled structures. 

refers to reference 42 where ro = 279 for the apo enzyme and 

Ms = 280 for the native enzyme 

refers to reference 43 where the reduced mean residue rotation 

at 231 nm was - 4900° for the apo enzyme and —- 4300° for the 

native enzyme 


# 


refers to reference 44 
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Although phosphorylase b contains 9 Cys per monomer, only four of 

these residues are available for modification in the native state of the 

enzyme. These four Cys residues may be further subdivided into a 

fast reacting group containing peptides By and B, and a slower 

reacting group designated A and N. Modification of the former group 

has negligible effects on the enzyme's activity and quaternary structure, 

whereas inactivation and monomerization occur upon reaction of the slower 

group with such sulfhydryl reagents as PCMB, DINB and iodoacetamide (45). 

The former two reagents are used to modify the metalloprotein complex. 
Phosphorylase b at a concentration of 5.2 X on au was incubated 


nize OG Fea 


MoPAG dn SU mM RES =p 10.6 form 2) hyeae 30°C. DINB was 

added to a ten fold dilution of the native and modified enzyme at zero 
time. Absorbance was corrected against metal and reagent blanks. 
Determination of the number of reactive sulfhydryl groups was based on an 
molar absorbtivity of 13,600 (46). Figure 7 denotes the different rates 

of Cys modification indicating the perturbation of one of the slow reacting 
sulthydryils) upon PAC ccordination with the senzyme. 

An alternate sulfhydryl modification experiment reacted PCMB with 
with the metalloprotein in 30 mM BES pH 6.8. Reactions containing mole 
Yatios of PAC to monomer of 1, 5, 10 and 0, were ancubated at 25°C for 
t6unre prior to the addition of 9°38 x 10M PCMB. Once absorption at 
255 nm had stabilized, absorbance was recorded. Native enzyme incubated 
either without PAC of with equimolar concentrations of metal to monomer 
exhibits the same number of reactive Cys. Increasing the concentration of 
metal further results in a decreased reactivity of a single sulfhydryl 
moiety, thus substantiating the DTNB observations. 
ie Sedimentation Velocity Profile 


Phosphorylase b at a concentration of 2.5 mg/ml was reacted 
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Figure 7 


Sulfhydryl reactivity of PAC-phosphorylase b with DTNB. 
Plot of the number of reactive sulfhydryl groups per subunit as 
determined from optical densities at 412 nm and a molar extinction 
coefficient of 13,600 vs. time. The concentration of DINB used was 
0.2 mM, other reaction conditions are described in the text. All 
optical densities were corrected for reagent and metal interferences. 

CGm:<9< number of Cys residues reacting per monomer of 

native enzyme 
O===) number of Cys reacting per subunit in the metallo- 


protein 
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with a ten fold excess of PAC until 50% inactivated relative to the 

native enzyme. After dialysis against 30 mM BES, 3 mM DTT pH 6.8, the 
samples were centrifuged at 56,000 rpm at 20°C. In Figure 8, the native 
enzyme sedimentg as a dimer with ee = Ow eo whereas the metallo- 
protein exhibits . peaks at both 5.8 and 7.5 X ie, Two minor peaks 


are situated at lower S values. Occupation of the platinum site(s) is 


involved in inducing monomerization of the enzyme. 


2. PAC Coordination to Phosphorylase b in the Crystalline State 
a. Number of Metal Binding Sites 

The number of PAC binding sites per monomer of phosphorylase b 
in hydrolyzed microcrystals was determined as 2.0 + 0.4 via atomic 
absorption and) 4.0) * OLS wie thelopr / snl, spectrophotometric assay. 
Reference to Table 3 indicates similarities in the number of PAC binding 
sites within the solution and the crystalline states of the enzyme. 
Although the spectrophotometric and atomic absorption methods differed 
in the absolute number of sites, the correlation between the two physical 
states within the same methodis satisfactory. The possible reactivity 
of the sulfhydryl groups of quinoxalinedithiol with the amino acids 
released upon acid hydrolysis of the proteinare difficult to correct for, 
although standard Pt curves contained hydrolyzed native enzyme. 

The apparent discrepancy between the number of PAC sites 
reported from phosphorylase a and phosphorylase b x-ray crystallographic 
data may be reassessed by an evaluation of the fractional changes in 
the structural amplitudes expected in the metalloprotein crystal relative 
to the native enzyme. In 1956, Crick and Magdoff (47) proposed an 
equation, Appendix 3, which calculated the approximate fractional change 


in intensity induced by heavy metal interactions with protein molecules. 
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Figure 8 


Sedimentation velocity profile of phosphorylase b reacted with 
PAC. The reaction conditions are outlined in the text. Native phos- 
phorylase b (A) (7.86) sedimented as a single schlieren peak, however 
in the presence of covalently bound PAC (B) (5.81 to 7.52), the enzyme 
exhibited 2 major and 2 minor schlieren peaks. The numbers in brackets 
refer to the peak location in svedburg units at 20°C. The right side of 


the protile refers to the top of the ultracentrifugation cell. 
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Table III 


Analytical Determinations of the Number of PAC Binding Sites Per 


Phosphorylase Monomer 


Number of PAC Binding Sites 
Ra SCE ASAT RAR AM ERA ETE EWEN 
Phosphorylase b | Phosphorylase a 


Method 
in in in in 
solution microcrystals macrocrystals macrocrystals 
atomic 
absorption 
QpT / Snc1, 
x-ray k 
difference PAS) 
fourier 


iF one site (reference 35) 
x ’ 
in four sites with a total occupancy approximately equal to 


2.5 gram atoms Pt per monomer (reference doh) 
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Johnson (35) reports the presence of a single PAC site per phosphorylase 
b monomer and a fractional change, ( AF/ F) (100), in structural amplitude 
of 16.2% with this metal derivative. However, simple calculations from 
the Crick Magdoff equation predict a fractional change in the order of 
9%, or about one half of the experimentally determined parameter. 
Alternatively, similar calculations from the data published by Fletterick 
(1/7), which vindicate \ "the presence of 2.5 gram atoms of Pt per monomeric 
unit, support . a fractional intensity change of 15% which compares with 
the published value of 22%. In summary, these calculations suggest that 
the number of Pt sites within the phosphorylase b monomer exceeded one 

as the fractional change in structural amplitude reported by Johnson 


would be compatible with a Pt occupancy of at least two sites. 


b. Activity Studies with Crosslinked Crystals 

Tetragonal macrocrystals of phosphorylase b, with an average 
surface area of 3.1 mm“, were soaked in 1 mM PAC for 2 days at 16°C 
prior to crosslinking with glutaraldehyde. The experiment was also 
performed in the reverse order with crosslinking preceeding the exposure 
of the crystal to PAC with similar results. The metalloprotein crystals 
exhibit cracking and fragmentation relative to control crystals. 
Duplicate assays give activities of 5.0 + 0.5pnmol/min/mg and eee On ek anton! 
P (min/mg for crystals in the absence and presence of PAC respectively. 
Crystal supernatant solutions express no activity over a four hour 
incubation, indicating that the crosslinked crystals are not being 
extensively solubilized by substrate solutions. Although this apparent 
metal activation contrasts with the observed inhibition of the metallo- 
protein in solution and in solubilized macrocrystals, it does not neces- 


sarily confirm the existence of different Pt binding sites within the 
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two physical states. Metal induced fracturing of the crystal lattice 
would not only increase substrate accessability and decrease steric 
influences on the lengthening of the maltodextrin chain, but would promote 
enzyme fluidity by increasing the fraction of the protein proximal to the 


protein solvent interface. 


es Activity Studies with Solubilized Crystals 

Uncrosslinked tetragonal macrocrystals of phosphorylase b pre- 
soaked with PAC as outlined in Methods, were extensively washed with 
crystallization buffer to remove excess metal. Incomplete solubilization 
of these crystals occurs in solvents of high ionic strength or viscosity. 
Although 0.5 M NaCl dissolves unmodified crystals within 2 hr., only 
chipping and lateral cracking are evidenced with the metallocrystals 
apterw4s ha” ate l6-C The supernatant of crystals soaked in 20% glycerol 
Wastassayed for activity after 48 %hr’ atcl6°C “Ihe control “exhibits 
activity in the order of 5 umol /min/mg whereas PAC-phosphorylase b was 
completely inactive." sihese low activities are ‘expécted due to 
glycerol's noncompetitive inhibition of phosphorylase b in the solution 
State. Calculations at various concentrations of *glycerol with the 
solution enzyme were used to determine values for the K. intercept 
of 64 mM and the Le slope of 50 mM with respect to the substrate glucose- 
1-phosphate. 

The addition of a substrate solution containing 2 mM IMP, 
11.5 mM maltoheptaose, 38 mM G-1-P, 10 mM BES, 1 mM DTT pH 6.8, increase 
crystal dissolution but complete solvation did not occur. Soluble enzyme 
released from the crystal lattice by this method exhibits activities ‘of 
21.4 and 34.8 umol/min/mg. The metalloprotein under analogous conditions 
exhibits activities of 3.4 and 4.3 umol/min/mg. Therefore the inactiv- 
ation observed in solution studies is reflected by the metalloenzyme in 
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Several parameters are. evaluated to assess the extent of cor- 
relation between metal binding sites within the two physical states of 
phosphorylase. Interpolations from x-ray crystallographic data estab- 
lished the immediate protein environment of the metal site in conjunction 
with its distance from substrate, effector and ligand interaction sites. 
By comparing the physico-chemical properties expressed by the metallo- 
protein in solution to the steric restrictions imposed on the site by the 
crystal lattice structure, differences or similarities in the mode of 
metal modulation of the enzyme could be assessed. There are . however 
other complicating factors to be considered. Within a crystal, the 
binding site may include functional groups from more than one enzyme 
molecule and therefore would be less energetically favourable in solution. 
In addition, molecular packing within the crystal lattice could steric- 
ally block a binding site which would be accessable in the solution state. 

The coordinates of the four PAC derivatives within each phos- 
phorylase a subunit obtained from x-ray analyses are referred to in 
Table 4. Site 1, expressing the highest occupancy, is situated on the 
apex of a "tower-like" structure consisting of approximately 30 amino 
acids which extends. through the subunit interface at Z = 1/2. The locus 
Of this primary PAC site coineides with the single PAC derivative deter= 
mined from the 6 A°® map. of phosphorylase b (35). 

An interesting feature of site 1 was the fact that both Pb (NO), 
and EMTS coordinate within 2 A°®° of this locus. The latter metal is 
retained after crystal washing, indicating covalent bonding with a protein 
functional group. The affinity of both Pb and mercurial molecules for 


sulfur ligands suggests the possible proximity of a reactive sulfhydryl 
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TABLE IV 


Coordinates of Metal Derivatives Determined from X-Ray Crystallographic 


Studies of Phosphorylase 


Derivative % Coordinates 

X ng Z 
PHOSPHORYLASE a 

PAG 1 78 Sane) - 360 oa 

2 54 Oy 124 O20 

3 AL 254 Jol! «205 

4 Pa ao. 2330 20D 

Gd 1 45 GW O01 ee 

2 isd} 043 ~142 S005 

Pb(NO,), L 61 043 paler) sites 

2 30 161 .000 flegel: 

3) 26 SAL ached: OZ 

4 24 LOS 2379 20 

MnCl, i 045 i555 300 

2 150 - 400 320 

EMTS 1 7S HO26 088 5 oleh 

2 515) eo eS 038 

3 38 ~ 164 Soko) oes 

4 24 5 AW 010 ~450 

CH Hg ih 026 .088 390 

eZ EO? eae) 038 

3 7 SaaS) 170 

4 114 wg, 2 280) 
PHOSPHORYLASE B 

PAC 1 83 edo? yew) »345 

Mion 46 lle ie) poe 038 

2 63 028 .088 1305 


Note: The lattice constants for tetragonal crystals in space group 


P4,2)2 are a=128.4 + 0.1 A and c=116 + 0.1 A. 4 was the occupancy 
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to PACTSsite’ ll.” OL the four sulthydryls, A, Ny 2 digs available for 
modification in native phosphorylase, the latter two are the fastest 
reacting and exert negligible effects on the integrity of the enzyme's 
active and alpha aggregation sites (45). Therefore if Cys modification 
within the crystal parallells the solution enzyme, B_ and os would 
exhibit higher site occupancies than A and N and the altered enzyme would 
remain isomorphous. Chemical modulation of the N site in the case of 
phosphorylase b or A and N with phosphorylase a induces inactivation 

and subunit dissociation within the solution state (45). Introduction 

of similar conformational perturbations within the crystal could conceiv- 
ably disrupt crystal lattice stabilization forces leading to a decreased 
quality of x-ray diffraction data. These interpretations were substan- 
tiated to some extent from the coordinates reported for EMTS and Sea 
derivatives. These metal molecules in both forms of phosphorylase 
interact at two identical sites which are retained upon washing the 
crystal with buffer and exhibit high occupancy factors. On this basis 
the two sites are tentatively allocated to cysteines eS and Pye The 
coordinates of PAC site 1 did not correlate with these putative fast 
reacting sulfhydryls, however its proximity to the alternate EMTS and 
Ss sites and the dimer interface suggest possible Pt complexation 
iether vicinity of the N or the A peptide: 

The properties of the protein environment of site 1 are in 
several aspects compatible with the responses ellicited by PAC interaction 
with phosphorylase b in the solution state. Modification of the enzyme 
with a five fold molar excess of PAC reduce g the reactivity of one of 
the slower sulfhydryl groups with DINB as illustrated in Figure /. Per- 
turbation of the environment of the N peptide by PAC coordination to 


phosphorylase may also be inferred from the metal induced inactivation 
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of phosphorylase dD, as alkylation of the A peptide would not be expected 
to exert this effect. 

Although the involvement of the "tower-like" peptide protuber- 
ance in the maintenance of dimer integrity has not been established, its 
realignment induced by PAC or sulfhydryl reagents could promote mono- 


merization which in turn would result in the loss of enzymatic activity. 


The correlation between subunit dissociation and inactivation are suggest- 


ed by the fact that the ae values for G-1-P and AMP within the metallo- 
protein closely approximated the native enzyme, whereas Nae values ‘are. 
Significantly altered. From the data concerning subunit interactions, 
sulfhydryl reactivity and activity, the PAC site occupied in the solution 
state is compatible with the environment of PAC site l. 

Evidence also exists for the involvement of a second PAC site. 
The Pt analytical techniques, atomic absorption and QDT/SnCl, , indicate 
the presence of at least two sites per monomeric unit of phosphorylase b. 
Reassessment of the number of Pt sites determined from x-ray maps of 
phosphorylase b as shown in Chapter III 2.a., indicate a second PAC site 
although the lattice coordinates have yet to be established. The 
observation that the rate of schiff base formation preceeds inactivation 
as indicated by the rates of fluorescence quenching, Figure 5, and metal 
fitration curves, Figure 2, is also indicative of a secondary, Pt site. 
Previous studies involving the formation of IAM complexes with phos- 
phorylase (48) demonstrate that the enhancement of 415 nm absorbance and 
AMACeEIVACLOUMOCCUL at similar rates, data which contrast with the 
metalloprotein's characteristics. In addition the loss of the enzyme's 
allosteric properties upon PAC interaction would not be compatible with 
metal modulation solely of the N peptide (49). 


The next step was to assess the three alternate PAC sites pub- 
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lished from difference fourier maps of phosphorylase a for their ability 
to regulate effector cooperativity and the coenzyme pocket. Sites 3 and 
4, denoted in Table 4, are situated on the opposite side of the subunit 
with respect to the active site and the dimer interface. In addition, 
these loci exhibit: low occupancy factors within the crystalline state. 
Therefore on the basis of site orientation and the enzyme's affinity for 
PAC, sites 3 and 4 appear initially as unlikely candidates for the 
alternate Pt site within the solution state; ‘The metals Gd(111), 9Pb(11) 
and Mn(II) which coordinate within the protein pocket occupied by PAC 
site 2, promote tetramerization of the enzyme with the retention of the 
integrity of the active and the coenzyme sites, properties which con- 
trast with the putative secondary Pt site in solution. Although 
occupancy data indicate that site 2 is sufficiently reactive with PAC, 
LEews ditficult to assess at this time, a possible mode or PAG pertur-— 
bation which would differentiate its effects from the Gd, Mn or Pb 
complexes of phosphorylase b. Alternatively, the possibility that the 
secondary PAC site of the solution enzyme could be sterically blocked 
within the crystalline state can not, on the basis of these results, be 
overlooked. 

The stability of PAC-phosphorylase b crystals in media of high 
ionic strength or viscosity is compatible with metal crosslinking. 
However these crystals retain activity comparable to the native sample, 
contrasting with the lack of catalytic efficiency expressed by substrate 


solubilized metalloprotein crystals. If the observed inactivation is 


based on subunit dissociation, then the energy barrier for monomerization 


within the crystalline state would be greater than within solution, thus 
explaining the differential activity responses within the two physical 


states. In addition the fact that solubilization could occur under 
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certain conditions supported stabilization of the erystal lattice via 
"intra" rather than "inter" metal bridging. 

In summary, the extension of analogies between PAC sites 
within the crystalline and the solution states of phosphorylase bis 
reasonably good for PAC site 1 and more tenuous for the secondary metal 
locus. One Pt site governs the reactivity of the N or A peptides 
either via conformational change or direct coordination. The latter 
proposal appears most likely as the characteristics of the metallo- 
complex mimicks the properties induced by sulfhydryl modification of 
phosphorylase b with respect to perturbations of the dimer interface and 
the active site pocket. Therefore the orientation of PAC site 1 in 
conjunction with its proximity to the EMTS and EDO complies within 
the parameters of this study with the Pt site occupied in the solution 
state. 

Modulation of allosteric properties and schiff base formation 
indicate the involvement of a second Pt site. Once the peptide back- 
bone and the coenzyme locus of phosphorylase b have been elucidated, 
the possible involvement of PAC site 2 in the disruption of the homotropic 


cooperativity of AMP and the PLP pocket may be reevaluated. 
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CHAPTER IV 


Interactions of Gadolinium Ions with Phosphorylase 


A wwelnenoduc tion 

Of the several metal derivatives used in x-ray diffraction 
studies of phosphorylase, Gd was selected for further investigation due 
to its inherent paramagnetism and the changes it induced in the physico- 
chemical parameters of the enzyme upon coordination. 

Gadolinium is an element of the lanthanide or rare earth family, 
a transition group possessing 4f orbitals at varying degrees of occupancy. 
Since the 4f subshell lies spatially and energetically below the 6s, 5p 
and 4d orbitals, Gd has no significant crystal field stabilization. 
Consequently its complex formation is highly electrostatic with negligible 
f orbital direction of ligation via steric forces (50-53). These coor- 
dination properties in conjunction with the characteristic lanthanide 
contraction, enable Gd (.938 A®) to mimicsthe chemistry of Mn-Gss0%A" ), 

Ca (.99 A°) and Mg (.66 A°). The numbers in parentheses refer to the 
respective metal's ionic radius (54). 

Although Laporte forbidden f-f transitions indicate alterations 
in metal-ligand coordination, they can presently be interpreted only 
qualitatively. Birnbaum et al (55) have suggested the use of difference 
absorption spectroscopy to characterize specific amino acid - lanthanide 
interactions. Unfortunately, the hyperfine spectra of Gd solutions, which 
have low molar extinction coefficients, are centered at 270 nm, thus 
coinciding with the intense tryptophan/tyrosine band of proteins. 


Studies of lanthanide-indole fluorescence indicate a dependence 
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of quenching potential on the metal's electron capturing ability (56). 
For example, Eu *4f 6 and Yb Hee ee date one electron to complete a stable 
full or half full subshell. Therefore, they have quenching constants 
Use in the order of 4.5 ¥ 107? and 1.6 x 1077 wo eee Analogous 
experiments with Gd 4f£’ gave a K value of 1 X 19710 wot quer. Chromo- 
phores in the vicinity of Gd would therefore exhibit a decrease in their 
emission band intensity. Another lanthanide, Tb, possesses inherent 
fluorescence. Under certain conditions, energy transfer from one or 
more aromatic residues to the metal causes Tb fluorescence enhancement. 
such fluorimetric titration data aid in the characterization of metal 
associated amino acids and in the determination of the number of metal 
binding sites and their respective dissociation constants (57). 

One of the more dominant techniques for monitoring Gd-macro- 
molecular interactions, nuclear magnetic resonance, utilizes the metal's 
inherent paramagnetism. The spin of its unpaired electrons generates 
a magnetic monoment orders of magnitude greater than corresponding 
nuclear magnetic moments. Fluctuations in the local field generated by 
these electrons leads to more efficient relaxation of neighbouring 
nuclei. Under specific conditions, the Solomon-Bloembergen equation 
expresses the relationship of the various correlation times to the 
observed relaxation rate (58). The equation consists of two terms. The 
Pires, a2 funetion of i denotes relaxation arising from dipole-dipole 
interactions between the electron spin of the metal, S, and the nuclear 
spin, I. The second tern, Cae or ‘scalar interaction, characterizes ‘the 
effect of transient covalent bond formation between the metal and adjoin- 


fine nucle, © Actually <. ‘and T, are the sum totals of the elemental cor- 
e 


relation times: 
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s 3 electron-spin correlation time 

- > residence time of a nucleus in the first coordination 

sphere of the metal 

ee > rotational correlation time 
Paramagnetic ions may be classified into two broad groups, the relaxation 
and the shift probes, depending on which correlation times dominate. 
The former, comprised of such metals as Mn(II), and Gd (Pid) 
possess e values in the order of are to io SeCu sp LULeadi pole— 
dipole term is governed primarily by oy Shift probes on the other hand 


the to jon sec., times which are 


have T, Parameters cangingsbromel0e 
representative of very short electron-spin or To relaxation. 

Dwek et al (59) have attempted to define the parameters govern- 
ing ioe proton relaxation in aquo and small molecular complexes of Gd. 
To establish that the rapid exchange of metal bound water with bulk 
solvent existed, they monitored relaxation times at two frequencies, 
20 MHz and 35 MHz, over a wide temperature range. Not only did increas-— 


ing temperatures enhance 1/T but spin-spin relaxation was about 14% 


1? 
of qT, at all temperatures studied. Consequently the conditions of 

fast exchange occurs in this reaction system. Elimination of the 

scalar term contribution to the Solomon-Bloembergen equation would 

account for the low values of 1/T, observed. This latter property 

concurs with observed Gd coordination chemistry, as the unpaired electrons 
of Gd are shielded by its outer orbitals from ligand contact interactions. 
The correlation, time, Ta? calculated from their data is in the order of 


ies eee sec. Since i from Io N.m.r. ig approximately 1078 sec. 


and st sirom e.S.r. data is 1.5 & mer SCC sis i. appears to be dominated 


by ce as previously proposed. 
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Reference to the Solomon-Bloembergen equations (58) demon- 
strates the dependence of 1/T, on the distance separating the unpaired 
electrons from the nuclei in question. As a result the replacement 
of water Roleenuice by protein ligands might be expected to cause a decrease 
in the measured HAO proton relaxation. In fact, the opposite is 
observed within Gd-protein complexes (62). Since Gd chelated to small 
buffering anions free in solution undergoes rapid anistropic motion, 
while metal ions coordinated to two or more functional groups of a macro- 
molecule rotate at the same rate as that protein chain, the observed 
enhancement appears to result from a change in the dominant correlation 
time. Metal ions coordinated to a macromolecule would dominate water 
proton relaxation primarily by t 


» whereas t, is the major contributing 


S R 


parameter governing relaxation rates within the aquo complexes of Gd (60). 
Some of the proteins recently investigated via this technique 
were pyruvate kinase (61), trypsin (62), concanavalin A (63), Mn- 


phosphorylase (64), and streptococcal nuclease (63). 


B. Results” 
1. Gadolinium Interactions With Phosphorylase in the Solution State 
a. Reaction Conditions 

Reaction conditions were chosen to parallel those utilized in 
crystal studies. The selected buffer, BES, had negligible metal chelation 
abilities, whereas MES ECE log Ky values in the order of 0.38 for 
Mg(II) and 0.7 for Ca(II) and Mn(II). Glycerophosphate buffers formed 
precipitates upon Gd addition. Other reagents, such as EDTA, IMP and 
AMP sequestered the metal in solution. Metal complexation may be monitored 
qualitatively through alterations in the hyperfine spectra of Gd. 


The selection of hydrogen ion concentration was critical as 
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insoluble hydroxide adducts were formed at pH values greater than neutral- 
ity. To within two tenths of a pH unit, 30 mM BES maintained the hydrogen 


ion concentration at the initial value in the reaction studied. 


b. The Number of Metal Binding Sites 
i. Metal Titration Curve 

Although Gd complexation with phosphorylase results. in various 
physico-chemical perturbations of the enzyme, only activity and spectral 
changes were monitored as phosphorylase was titrated with metal. 

Figure 9 depicts a typical inactivation curve. With a monomer 
concentration of 5.62 xX ion M, phosphorylase b expresses a 50% loss of 
activity with a 19 molar excess of Gd after 22 hr. at 25 C. im) 30 mi BES. 
A Similar experiment with 8.33 xX Tome M oss a exhibits. a 50% 
BeCeNeion Of Native activity witn a 20 molar excess of motal. [herentore 
the site(s) responsible for inducing inactivation express the same 
affinity for Gd ions, within experimental error, with both forms of 
phosphorylase. 

The systems used in the activity studies were also scanned for 
spectral changes in the characteristic PLP absorption bands. Peak 
location is identical in both the native and the metalloprotein samples, 
however the presence of Gd alters peak intensities. Figure 10 outlines 
the three basic spectral modulations obtained with phosphorylase b. In 
the presence of approximately equimolar concentrations of metal and 
monomer, optical densities at both 330 nm and 415 nm increase . Further 
increases in metal concentration return peak intensities to values 
approximating the native state. At a molar ratio of 10, the 415 nm peak 
again increases in intensity until saturation is attained with a molar 


excess of Gd exceeding 40. In contrast the 330 nm band, Figure sla 
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Figure 9 


Activity titration curve of phosphorylase b equilibrated 
with varying concentrations of Gd. Plot of activity in ymo1 /min/mg vs. 
the ratio of Gd to monomer concentration. Phosphorylase b at a con- 
centration of 5.62 X Come M monomer was reacted with varying con- 
Centrations of Cdeton 22) hrsate25 C.in, 30 mM BES) pH) 6.6. me oUubSstmace 


solutions contained 75 mM G-1-P, 1 mM AMP and 1% glycogen pH 6.8. 
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Figure 10: 


Spectral titration curve at 415 nm of phosphorylase b 
equilibrated with varying concentrations of Gd. Plot of absorbance 
at 415 nm vs. the molar ratio of Gd to monomer. Phosphorylase b at a 
concentration of 5.62 X 10> M monomer was equilibrated with varying 
Gd concentrations over a period of 22 hr. at 25°C., prior to spectral 


analysis. 
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Figure 11: 


Spectral titration curve at 330 nm of phosphorylase b 
equilibrated with varying concentrations of Gd. The plot consists of 
absorbance values at 330 nm vs. the molar ratio of Gd to monomer. 


Reaction conditions were identical to Figure 10. 
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decreases in optical density only when metal concentrations exceed 
Hao SORE 

Data obtained from the analogous experiment with phosphorylase a 
BO Oke!) O.¢ ches M are less definitive. Optical densities at 415 nm and 
330 nm increase to values correlating with the phosphorylase b complex 
reacted with a 1 to 1.2 molar excess of metal. Further increases in the 
concentration of Gd induce protein turbidity. However once the con- 
centration of metal exceeded 7.95 X 10° M, the metalloprotein remaing 
in solution and exhibits increases in the 415 nm optical density until 
saturation jis attained with a 45 molar excess of metal. Correlating 
with the Gd-phosphorylase b results, the 330 nm peak intensity decreases 
within the same range of metal concentrations. 

The following sections designate properties observed with equi- 
molar metal to monomer concentrations to the high affinity or primary 


Gd site and characteristics detected with a greater than 20 molar excess 


OLuGdsaswderinitive of the low abiinaty site(s). 


11. swater Proton Relaxation 

Enhancements, e*, were determined at constant phosphorylase b 
concentrations and varying concentrations of Gd, an M titration, at two 
frequencies, 40.5 MHz and 270 MHz, at 25°C. Figure 12 demonstrates the 
marked frequency dependence of water proton relaxation in the presence 
of the metalloprotein complex. Since tT. OF electron spin relaxation 
is the correlation time modulated by frequency, these results aré indic— 
ative of an increased To contribution to spin lattice relaxation. There- 
fore the rotational correlation time is slower in the metalloprotein 
relative to the freely tumbling Gd aquo complex as mentioned in the 


Introduction. In addition Figure 12 depicts the high affinity of metal 
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Figure 12 


Enhancement of water proton relaxation upon Gd titration 
of phosphorylase b. Plot of the observed enhancement calculated via the 
method outlined in Appendix I vs. total Gd concentration. Phosphorylase b 
at a concentration of 14.2 X ie Mwas reacted with Gd at 25°C. for at 


least 1 hr. prior to the determination of relaxation times. 


Owen) observed enhancement at 40.5 MHz 


@eeee=§ observed enhancement at 220 MHz 


Gd (mM) 


way 


binding to phosphorylase b since the observed enhancement, e*, hasn't 
plateaued even at a Gd to monomer mole ratio of two. 

To ascertain the number of Gd binding sites, n, and their respec- 
tive dissociation constants, the enhancement of water proton relaxation 
at metal saturation, Ep, was required. To obtain this parameter, 50 uM 
Gd was titrated with enzyme at a frequency of 40.5 MHz and 25°C. At such 
low concentrations of metal, Gd adsorption to glass became significant. 
All reaction tubes and pipets were washed in KOH/95% ethanol, 10 mM EDTA 
and distilled water prior to use. Reciprocal plots of enzyme concentration 
versus observed enhancement were extrapolated to the y-axis to obtain the 
approximate value of l/e,,. Figure 13 depicts the hyperbolic inflection 
of the curve at a Gd to monomer mole ratio of one. Using the calculations 
outlined in Appendix 1, approximate values of n and KS were obtained from 
Scatchard plots. Assuming n independent and equivalent metal binding 
site(s), the two following equations were used to fit the three parameters 


Eps 2 and SS via iteration. 


Il 


ex + EM(e, ~ 1) /M, 


2 ye 
CGA te (Ee SS ea 4nEM,)”) 


EM = 


where: 
EM is the concentration of the Gd-phosphorylase b complex 
M is the total concentration of Gd 
Ey is the total concentration of phosphorylase b monomer 
The results indicate 1.02 + 0.07 Gd binding sites per monomeric 


unit with an apparent dissociation constant of 1.36 UM = 0-.95M «and an 


Se uOte oon 0.01. 
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Figure 13 


Enhancement of water proton relaxation upon titration of 
a constant Gd concentration with phosphorylase b. Plot of reciprocal 
values of observed enhancement vs. reciprocal monomer concentration. Gd 
at a concentration of 50 uM was reacted with enzyme in 30 mM BES, 3 mM 


Dit pHso.o)foteat least. sa hv. eate2o.C = betore evaluating 1/T, values. 
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Comparisons of the observed enhancements calculated from both 
the M and E titrations indicate that the hich attlimity site: isthe sole 
contributor to the observed water proton relaxation enhancement. The 
metal site(s) expressing a lower affinity as evidenced from previous 
spectral and activity titrations are either binding very weakly and per- 
haps nonspecifically or are unavailable for interactions with the bulk 
solvent as would be the case if the metal was binding within a protein 


pocket. 


c. Perturbations of Phosphorylase Induced upon Gd Occupation of the Low 
Affinity Site 

i. Activity Studies 

The addition of a greater than 40 molar excess of Gd to phos- 
phorylase monomer led to rapid inactivation. Figure 14 denotes the 
relative rates of inactivation and 415 nm peak intensity enhancement as 
phosphorylase a at 3.7/7 X 1 = M was reacted with 2.7 mM Gd at 25°C. 
Although both properties are pseudo first order, the rate of increase 
in the 415 nm peak intensity preceedgs. the loss of catalytic activity. 
This observation could be attributed either to the involvement of at 
least two unique conformational changes or to the result of a dilution 
effect. Since activity assays contained protein at a concentration 10° 
times more dilute than the spectral samples, the stability of the electro- 
static complexes formed between Gd and the lower affinity metal site of 
phosphorylase may differ between these two assay systems. In other words, 
the rates of inactivation and schiff base formation may be the same if 
the dilution step was eliminated. Unfortunately the validity of this 


proposal jo difficult to establish due to technical complications. 


Crystal activity assays with phosphorylase a were condueted in the presence 
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Figure 14 


Time study of inactivation and enhancement of 415 nm 
absorbance values upon reaction of 2.7 mM Gd with phosphorylase a. 
Phosphorylase a at a concentration of 3.7 X Tome M was reacted in a 
buffer system containing 30 mM BES, 3 mM DIT pH 6.8. Substrate solutions 


contained 75 mM G-1-P, 1% glycogen pH 6.8. Absorbance values were read 


against a buffer reference. 
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of glucose, therefore inactivation data were collected with the solution 
form of the enzyme preincubated with a 50 mM concentration of this reagent 
for 20 min. at 25°C. Although immediate protein turbidity occurs  “ipon 
the addition of 2 mM Gd, catalytic activity is retained. This obser- 
vation indicates that the lower affinity Gd site within the glucose 
stabilized dimer of phosphorylase a jg less reactive with metal. The 
lower occupancy would produce a metalloprotein complex characterized by 
the titration curves, Figures 10 and 11, in the region where the molar 
excess of Gd to monomer varied from 1.5 to 10. 

Figure 15 indicates the rates of activity and spectral per- 
tuepattons Aanduced) in 3.61, x 107° M phosphorylase b upon the addition of 
2 mM Gd at 30°C. With respect to kinetic order and the relative rates 
of inactivation to enhancement of optical densities at 415 nm, the Gd- 


phosphorylase b complex correlates with its phosphorylase a counterpart. 


ai.) Goenzyme Characteristics 

Visibly, the most significant feature induced in phosphorylase 
upon occupation of the low affinity Gd site is the production of a 
yellow colouration of the protein. The following result sections were 


designed to define the origin and cause of this phenomenon. 


iii. Absorption and Fluorescence Spectra 

Spectral scans recorded at set time intervals after the addition 
of 1.7 mM Gd to 3.14 mg/ml of phosphorylase b, Figure 16, evidence an 
isosbestic point at 362 nm. Peak location coincides within both the 
native and metalloprotein samples. Therefore Gd occupation of this low 


affinity site ig shifting the PLP tautomer equilibrium in favour of the 


schiff base structure absorbing at 415 nm. 
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Figure 15 


Time studies of inactivation and 415 nm peak intensity 
enhancement upon reaction of 2 mM Gd with phosphorylase b. The reaction 
was conducted in 30 mM BES, 3 mM DTT pH 6.8 with 3.61 X loo phos- 
phorylase b. The substrate solution consisted of 75 mM G-1-P, 1 mM AMP 


and 1% glycogen pH 6.8. 
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Figure 16 


Spectral scan during the formation of the Gd-phosphorylase 


|o 


complex. A plot of absorbance’ vs. wavelength in nm. Phosphorylase 
b at a concentration of 3.14 mg/ml in 30 mM BES pH 6.8 was reacted with 
1.7 mM Gd at zero time. The letters in the spectra refer to the time 
intervals at which the spectral scan was initiated. The native enzyme 
sample is denoted by "a" and the metalloprotein samples after 3.5, 8.1 

and 28.5 min. reaction times are denoted respectively by "b", "c" and 

"d", The isosbestic point occurred at 362 nm with a molar extinction 
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Kinetic studies involving the rate of increase in the 415 nm 
absorption peak indicate that schiff base formation follows pseudo 
first order kinetics. The slope of the plot denoted in Figure 17 is 
Hine? feo oes umel Olga A) nine s/o However the decrease in the intensity of the 
330 nm absorption peak, under conditions parallel to the 415 nm experi- 


Ment, 1S biphasic. Graphs o£ K bs vs. monomer concentration for each 


linear segment of the 330 nm plot had slopes of 0.36 + 0.07 riitehiee 
and sO; bom (O01 min /Mo° These results suggest that the observed 
enhancement of schiff base formation upon Gd coordination involves an 
equilibrium shift between more than two tautomeric species of the 
coenzyme. 

To ascertain whether Gd is stabilizing the schiff base 
directly via bidentate coordination to the imine nitrogen and the 3' 
hydroxyl group of PLP (30), fluorescence yields are evaluated. If 
the metal formed a ground state complex with the coenzyme in order to 
directly stabilize the schiff base, fluorescence quenching would be ex- 
pected(56). Fluorescence yields in systems containing either PLP or 
phosphorylase b in the presence or absence of Gd were calculated by 
dividing the emission peak area by the absorbance observed at the ex- 
citation wavelength. The ratios of this yield in a system containing Gd 
relative to the native molecule were calculated for PLP and the enzyme in 
30 mM BES pH 6.8. With the model, PLP system, excitation at 390 nm in the 
presence of Gd results in a yield ratio of 0.35 relative to native, PLP. 
In addition the excitation peak is shifted to 400 nm in the presence of Gd. 
Phosphorylase b in the presence of Gd exhibits a ratio or 1.65 relative 
to the native enzyme upon excitation at 415 nm. In addition 


peak locations are not altered in the presence of metal. These prelimn- 
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Figure 17 


Rate of alteration of the 415 nm peak intensity upon 
occupation of the low affinity Gd site in phosphorylase b. Plot of the 
observed rate of increase in the 415 nm absorbance - determined from 
pl/2 at various protein concentrations vs. monomer concentration. Gd 
at a concentration of 4.1 mM was reacted with enzyme in 30 m BES, 


3 mM DIT pH 6.8 at 30°C. Spectral readings were recorded against a 


reagent blank. 
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inary results indicate that the low affinity Gd site is not near enough 
to the coenzyme site to promote fluorescence quenching. 

To evaluate this possibility further, the pyridoxal analogue, 
PLP-Val, was studied in the presence and absence of Gd ions. Previous 
work with the PLP-Val system in methanol at neutrality and transition 
metal ions (31) have indicated that some metals are capable of catalyzing 
and stabilizing schiff base formation (65,66). This phenomenon is 
evidenced by a blue shift of 26 to 37 nm and a concomitant decrease of 
the optical density of the ketoimine i band. Interactions of Gd with 
the PLP-Val complex induce. a change in optical density and a blue shift 
of 12.5 nm in the ketoimine band. Since these parameters are not 
observed with the Gd-phosphorylase b complex, the absence of direct Gd 


stabilization of the schiff base may be inferred. 


Solvent Accessibility 

Data thus far indicate that Gd occupation of the low affinity 
site induces promotion of schiff base formation indirectly, probably via 
conformational perturbations. Both models for the structural forms of 
the coenzyme, as outlined in the Introduction, suggest that the enhance- 
ment of the 415 nm peak intensity upon phosphorylase perturbation js 
due to an increased exposure of the protein bound PLP to or molecules. 
To assess the validity of this proposal in the case of the Gd-phosphorylase 
complex, the reactivity of the coenzyme within the metalloprotein complex 
with ae, and ae was examined. 

Phosphorylase b at a concentration of 1/7 mg/ml was incubated 
with 3.4 mM Gd in 30 mM BES pH 6.8 until completely inactivated. After 


chilling the reaction in ice, tee, was added to reduce the double bond 


of the schiff base. The enzyme obtained after (NH) 589, precipitation 
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and extensive dialysis was assayed for unreduced PLP. Within the sen- 
sitivity of the assay, no coenzyme iS released from the Gd modified 
protein, whereas native phosphorylase under the same conditions releases 
one PLP per subunit. 

An alternate approach monitors the reactivity of hydroxylamine 
with PLP in the metalloprotein complex relative to phosphorylase b 
perturbed with imidazole citrate (68). Since the protonated hydroxyl- 
amine is the reactive species, the resultant internal acid-base catalyzed 
reaction with PLP is highly pH dependent. The extent of complexation 
would therefore reflect the microenvironmental pH of the coenzyme site in 
conjunction with degree of solvent accessability to the PLP pocket. The 
oxime product of the reaction has a blocked formyl carbon consequently 
the phenylhydrazine assay of Snell (20) is inapplicable. The extent 
of the reaction was followed spectrophotometrically against standard 
PLP-NH,, OH complexes. Phosphorylase b at 13.7 mg/ml was incubated with 
erther 5.7 mM Cd or 0.4 Mimidazole for 40 min. cat 30°C. >pricr to the 
addition of 83 m™ ee and the readjustment of the pH to 5.5 with 
citrate. Neglecting the fine spectra due to free Gd, peak location of 


the supernatant solution from the (NH 2), precipitation is identical 


40 
to the model. Molar extinction coefficients calculated from the models 
indicate the reaction of one PLP per monomer in the Gd modified protein 
whereas imidazole citrate perturbation is only 62% as effective.These 
data indicate a decrease in the hydrophobicity and an increase in the 
hydrogen ion concentration of the coenzyme's microenvironment within 
the Gd-phosphorylase b complex. 

An observation which further substantiates the opening of the 


coenzyme pocket was the intensity increase of the 390 nm emission band 


of 40% reduced phosphorylase b reacted with Gd. Excitation at 330 nm 
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showed enhanced emission at 390 nm relative to the corresponding peak 
in 40% reduced enzyme in the absence of metal. Cortijo (69) postulated 
that the intensity of the 390 nm band was responsive to changes in the 
microenvironmental pH and hydrophobicity of the coenzyme pocket. 
Increasing quantum yields in the presence of Gd are indicative of the 
increased accessibility of the pyridoxamine 5' phosphate to solvent 
molecules, whereas a blue shift of the 390 nm peak to 384.2 nm reflects 


a change in pH (70). 


Reversibility of Metal Binding 

ihe effect of the dissociation of Gd from the low artinity 
metal binding site of phosphorylase b was determined via the techniques 
of EDTA titration, dialysis and gel filtration. 

To determine whether Gd forms a one to one complex with EDTA, 
the decrease in peak intensity of the 230 nm absorption band of EDTA was 
monitored as the concentration of metal was increased. In 30 mM BES 
pPie6.o, a plot of the molar extinetion coetiicient vs. Gd concentration 
is) piphasic with an inflection point at a molar ratio of Gd to EDTA of 
1.3. The reverse titration, involving Gd reacted with increasing ‘con= 
Ceutrabions of EDTA, plateaus at "a molar ratio of 05935) “since EDTA 
chelates Gd under these conditions in a one to one complex, the next 
step was to determine whether EDTA would remove Gd from the low affinity 
site of the metalloprotein complex. Phosphorylase b at 8 mg/ml was 
reacted with 6.8 mM Gd in 30 mM BES pH 6.8 until inactivated. By 
monitoring the change in the 415 nm peak intensity upon titration of 
the Gd-phosphorylase b complex with EDTA, the extent of metal dissociation 
from the enzyme could be analyzed. As the concentration of EDTA ap- 


proached the total concentration of Gd present in the sample, the protein 
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sample became viscous and turbid with only a slight reinstatement of 
catalytic activity. 

The Gd-phosphorylase b complex prepared for the EDTA titration 
experiment was passed through a Sephadex G-25 column equilibrated with 
30 mM BES pH 6.8. The eluate, which expresseg increased viscosity and 
turbidity relative to the applied sample, lacks . the characteristic 
intense 415 nm peak. In addition only 3 to 4% of the activity is re- 
instated. Phenylhydrazine assays of the perchloric acid treated eluate 
indicate the presence of 0.8 PLP per monomer. The protein eluate 
is unstable and precipitate, upon standing at room temperature for 
Ones 

Extensive dialysis of the metalloprotein complex, prepared for 
the titration experiment, against 30 mM BES, 2.4 mM DIT and 5 mM EDTA 
at pH 6.8 produced a viscous turbid suspension. Eighty percent of 
unreduced PLP was bound per subunit. 

Results from these three methods indicate that phosphorylase 
aggregates formed upon occupation of the low affinity site are not easily 


reversed to the native state upon Gd removal. 


LV elLucands Protection 


Several modifiers were preincubated at 30°C with phosphorylase 
b prior to the addition of 2 mM Gd at zero time. Time studies of in= 
activation and 415 nm absorption enhancement were monmonda relative to 
the metalloprotein complex in the absence of effectors or substrates 
to determine the effectiveness of ligand protection. 

Manganese binds at two locations on the monomer. The highest 
affinity site has a a of 0.17 mM, while the second ;, in the range of 


5.10 mM (14). At Mn concentrations varying from 0.23 to 2.0/7 mM there 
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is no significant change in schiff base formation, but inactivation 
and intensity decreases in the 330 nm absorption band are. slightly slower. 

Adenosine, which binds primarily in the glucose-adenine domain 
outlined in the x-ray crystallographic map (17), at a concentration of 
2.88 mM had no effect on Gd induced inactivation, however it did blue 
shift the 330 nm peak by 10 nm with a slight concomitant increase in 
both the 415 nm and the 330 nm peak intensities. 

Glucose, which activates phosphorylase by promoting dimer- 
ization, at a concentration of 50 mM decreases the rate of schiff base 
formation by 14%. Figure 18 demonstrates the increased lag period pre- 
ceeding inactivation in the presence of glucose. 

Complications arose in determining the effectiveness of AMP, 
G-1-P and IMP as allosteric regulators of phosphorylase b interactions 
with Gd. The presence of the phosphate moiety enables all three to 
chelate Gd as illustrated in Table 5. AMP, an effector required for 
phosphorylase b activity, promotes enzyme tetramerization under certain 
conditions. In the presence of 1 mM AMP and one of the following di- 
Valent cations, Mn(J1l), Me(il), Cacti), at a concentration of 1 mM, 
tetramerization of phosphorylase b occurs. Sedimentation velocity data 
was collected to ascertain whether Gd mimicked these metal cations in 
this respect. Figure 19 shows the dimeric state of the enzyme sediment— 
ine ato e44 X ‘Noe whereas the reaction of the native enzyme with 
2 mM Gd produces an adduct which sediments . as multiple schlieren peaks 


Le ins 


with a leading edge at 11.28 X 10°" anda trailing edge at 4.7/8 xX 10" 


However phosphorylase b preincubated with 1 mM AMP or 5 mM ALE prior 


to the addition of 2 mM Gd produce, a metallocomplex which sediments. as 


a tetramer So b HS foal RS aa One Another interesting feature of these 
; ,obs 
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Figure 18 


Protection study involving Gd induced inactivation of 
phosphorylase b with 50 mM glucose. Plot of the log of the reciprocal 
fractloneor active enzyme vs.—time.— Glucose atea concentration of 
50 mM was preincubated with 15.8 mg/ml phosphorylase b in 30 mM BES, 
SoM DIT pio .cetor, 00 min. at 3U Ce prior to the addi tionroreommMecd 
at zero time. Hedrick substrate solutions were used in the activity 


assays. 


Ou_m=m() formation of the metalloprotein complex in 
the absence of glucose 
Ge—mmnG =6formation of the metalloprotein complex in 


the presence of glucose 
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Figure 19 


Sedimentation velocity study of nucleotide complexes of 
phosphorylase b reacted with 2 mM Gd. The numbers in brackets refer to 
the peak locations in svedburg units at 20°C. Phosphorylase b at a 
concentration of 20 mg/ml was reacted with 5 mM ATP for 20 min. at 
30°C.5 (A) 7/204). eprion topthe add? tionvo f)20%mM sed s( Bh) Gl4e2 )emUnder 
these buffer conditions, 30 mM BES pH 6.8, phosphorylase b at 5.3 mg/ml 
exhibited the same schlieren peak location both in the presence and 
absence of 1 mM AMP (C) (8.44). The addition of 2 mM Gd to the native 
enzyme resulted in the schlicrensprofile, (D) 9 (4.78. 6.04. 10.59.) tile zoe 


while AMP-phosphorylase b-Gd complexes sedimented as depicted in E (13.13). 


82. 


A Ps o4 one > act a 


coeplexes of | - 


eitet# refer to 


7? eta. at 
. ae?) . Under : 
a s at 5.3 ng/ml ) 


7 


> \eey ee and 
it 


bs the tative 


7 ; s@., AM, 11.28),) | ; 


Sudoted in & (13.13) 


: 


83. 


latter complexes ig their retention of catalytic activity, Figure 20, 
although immediate protein turbidity occur upon exposure of the 
nucleotide-enzyme complexes to Gd ions. IMP at a concentration of 10 m™ 
exerts effects analogous to those obtained with AMP and ATP upon inter- 
action with the enzyme. 

The substrate, glucose-l-phosphate, which binds in close 
proximity to AMP at the active site as evidenced from both x-ray (17) 
and n.m.r. (16) data, protects phosphorylase b from Gd induced inact- 
ivation without the concomitant promotion of protein turbidity. 

Possible interpretations of AMP, ATP, IMP and glucose-l-phos- 


phate protection are evaluated in the Discussion. 


v. Sulfhydryl Reactivity 

Native phosphorylase possesses two fast and two slower reacting 
sulfhydryl groups per monomer (45). Incubation of the enzyme with 1 m™ 
AMP protects one of the slower groups, while the presence of 20 m™ 
G-1-P enhances its reactivity with sulfhydryl reagents (14). Since 
modification of one of the slow reacting sulfhydryls led to inactivation 
and altered subunit interactions, the question arose as to whether Gd 
perturbation of phosphorylase is centered at this group. 

The reactivity of the metalloprotein was studied with both 
PCMB and DTNB. Concentrations of phosphorylase b varied from 5.4 to 54 uM 
were incubated with mole ratios of Gd to monomer of 0 or 1.5 or 20 for 
8 hr. at 25°C. in 30 mM BES pH 6.8. PCMB was added at a concentration 
Ohno. eX. loos M to a 19 fold dilution of the metalloprotein at room 
temperature. Peak intensities at 255 nm were recorded once optical 


density readings had stabilized. Figure 21 demonstrates that metal 


coordination to phosphorylase induces dramatic increases in sulfhydryl 
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Figure 20 


Protection study involving Gd induced inactivation of phos- 
phorylase b in the presence of nucleotides and glucose-l-phosphate. Plot 
of the log of the reciprocal esti of active enzyme vs. time. Phos- 
phorylase b at a concentration of 3.21 X iene M monomer was preincubated 
with either 1 mM AMP, or 5 mM ATP, or 10 mM IMP or 12.3 mM glucose-l-phos-— 
phate in’ 30 mM BES.93 mM DIT pHi 6. csat 30°C. for 20 min. Cd) aeaecon— 


centration of 1.9 mM was added at zero time to the enzyme. Aliquots 


removed at set time intervals were assayed for activity using the method 


of Hedrick (23). 


Ge inactivation of native phosphorylase 

Ow = 0 inactivation in the presence of 5 mM ATP 

Of $ PO inactivation in the presence of 1 mM AMP 
Omm=me() inactivation in the presence of 10 mM IMP or 


12.3 mM glucose-1-phosphate 
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Figure 21 


Sulfhydryl reactivity of Gd-phosphorylase b with PCMB. A 
plot of the absorbance readings at 255 nm vs. monomer concentration. 


Reaction conditions are outlined in the text. 


O——O enzyme reacted with a 20 molar excess of Gd. 
The slope was 0.14 absorbance units / M X 10°/. 

@——® native enzyme. The slope was 0.01 absorbance 
units / M X Moe 


X——X enzyme reacted with an equimolar concentration of 


Gd. The slope was 0.01 absorbance units / M X 10g 


20 
Monomer x 10° 7M. 
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83; 
reactivity. The number of modified residues within the metalloprotein 
was difficult to establish since the observed molar absorbtivity of 
3X 10° led to an unrealistically high value. 

Phosphorylase b at a concentration of 23.6 X 107°-M monomer was 
incubated with 5 mM Gd at 30°C until completely inactivated. Modifica- 
tion of Cys residues was initiated by the addition of 0.5 mM DTNB to a 
90-fold dilution of the metalloprotein. Although a previous experiment 
had indicated no change in peak intensity at 412 nm between Cys—DTINB 
complexes in the presence or absence of Gd, the number of sulfhydryl 
groups modified in the metalloprotein appeared to be 24 Cys per monomer. 
Since only 9 Cys residues per subunit have been determined via amino acid 
analyses this result is unrealistic. However, only 4 Cys per monomer 


were modified in the native enzyme under similiar reaction conditions. 


d. Perturbation of Phosphorylase Induced Upon Gd Occupation of the 
High Affinity Site 
Evidence from the previously outlined metal titrations, Figures 
10 and 11, suggest the presence of a high affinity site in both phos- 
phorylases a and b. Further verification of the latter case is obtained 


from water proton relaxation calculations, Figure 13. 


i. Activity and Spectral Studies 

Although the catalytic efficiency of this particular metallo- 
protein parallells the native enzyme, Figure 9, the characteristic 
absorption spectra of the coenzyme is modified. Figure 22 depicts the 


rate of alterations of the 415 nm and the 330 nm absorbance values upon 
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Figure 22 


Time studies of changes in the 330 nm and 415 nm peak 
intensities upon occupation of the primary Gd site. Plot of the fraction 
of native phosphorylase b absorbance vs. time. Gd at a concentration 
of 9.1 X 10 ~ M was added to an equimolar concentration of enzyme at zero 


time. The buffer system which consisted of 30 mM BES, 3 mM DIT pH 6.8 


was used as an optical reference. 


Ou—mw=e=m) enhancement of absorbance at 415>nm 
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the reaction of monomer phosphorylase b and Gd at the same concentrations, 
Suse ile Spee re 

However these absorption changes are complicated, to some 
extent, by the fact that Gd occupation of the high affinity site anduces 
slight protein turbidity. To assess the significance of this Licht 
scattering effect on peak intensities at the coenzyme's characteristic 
wavelengths, the plot denoted in Figure 23 was examined. Curvature of 
a double log plot of the change in absorbance vs. wavelength, 
attributes the enhancement of the 415 nm peak intensity to a shift in 
the equilibrium of the coenzyme tautomers rather than to protein turbid- 
ity (73, 74). Absorbance values at 415 nm characteristic of this 
metalloprotein are reversed upon the addition of 1 mM AMP and 14 m™ 
G-1-P, indicating that the ternary enzyme complex is capable of re- 


establishing the integrity of the coenzyme pocket. 


di. Sedimentation Velocity Studies 

To assess whether the metalloprotein's characteristics are 
due to alterations of subunit interactions, sedimentation velocity data 
was collected with phosphorylase b at 3.8 mg/ml in 30 mM BES, 3 mM DTT 
pH 6.8 reacted with an equimolar concentration of Gd. The native enzyme 
-13 


sedimented at 8.5 X 10 whereas the metalloprotein expresses a value 


Of 99.6. xX HO as illustrated in Figure 24. Preincubation of the 
enzyme with 1 mM AMP prior to metal addition results in the same 
schlieren patterns with phosphorylase b~AMP and the Gd-phosphorylase b- 


AMP complexes sedimenting at 8.5 and 9.6 X VOmee respectively. Wang 


et al (72) under different buffer conditions obtains S values in the 


13 


Order Of 8.5 XK 10° for native phosphorylase b and 9.7 X Loe in the 


presence of 1 mM AMP. These results confirm metal alterations of sub- 
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Figure 23 

Log plot of the change in absorbance with wavelength 
of phosphorylase b reacted with an equimolar concentration of 
Cd se nospnoGy ase; beats oO. oF 4 10ns M was reacted with an 
equimolar concentration of Gd at 25°C for 20 hr in 30 mM BES; 
3 mM DIT. Absorbance values for the native and metallo forms 
of the enzyme were determined against a buffer blank. 

X———X native enzyme 


O——0O metalloenzyme 


~( log 0.D. ) 


GaN 


oa & - 
= a _ 
: 7 a 


* am! 


aaa 


A 
B 
€ 
D 
= 
Frrncctesccetirvmt sone 


Figure 24 


Sedimentation velocity study of phosphorylase b in the 
presence and absence of 1 mM AMP reacted with an equimolar concentration 
of Gd. The buffer system, which contained 3.8 mg/ml of the enzyme, con- 


sisted of 30 mM BES, 3 mM DIT pH 6.8. Native phosphorylase b (A) and the 


AMP-phosphorylase b complex (B) sedimented as single schlieren peaks (8.52). 


In the presence of an equimolar concentration of Gd, the native complex 
sedimented as illustrated in D (9.64) and the AMP-phosphorylase b complex 
formed the schlieren peak C (9.61). The numbers in brackets refer to 


the schlieren peak location in svedburg units at 20°C. 
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unit interactions are not influenced by the bindime of the effector 


» AMP, to the active site of the phosphorylase b subunit. 


Conversely the Gd site appears to exert negligible influences 
over AMP binding to phosphorylase as the homotropic effects of AMP are 
retained unaltered in the metalloprotein. A reciprocal plot of velocity 


vs. AMP concentration was obtained with 9.2 xX 107 


M phosphorylase b 
incubated with an equimolar concentration of Gd for 2 hr. at 30°C., prior 
to activity analyses. The substrate used contained 75 mM G-1-P and 1% 
glycogen pH 6.8. The sigmoidicity of the plot corresponds with the 


native enzyme and calculated Ka and abe values are also comparable. 


iii. Coenzyme Characteristics 


Reaction of the metalloprotein with MeN reduces the absorption 
intensity at 415 nm to native values. This would indicate that the 
enhancements in absorbance at this wavelength are due to an 
increased solvent accessability of the coenzyme pocket. 

To determine the proximity of the high affinity Gd site to 
the coenzyme, the peak width and chemical shift of the phosphorous 
resonance peaks of PLP within the native and the metalloenzyme were 
examined. Phosphorous resonance peaks corresponding to the coenzyme, 
Figure 25, consists of at least two components exhibiting chemical 
shifts of 108 Hz and 492 Hz relative to a phosphoric acid reference. 

The difference in the chemical shifts between the two major resonances 
of 384 Hz corresponds within experimental error to the analogous param- 
eter reported by Busby et al (75). Although estimates of the total line- 


widths are complicated by the low. signal to noise ratio, the Av. of 
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675 Hz parallells the line broadening expected at a frequency bracketed 
by the values published for spectra at 36.4 MHz and 129 MHz (75). 

Upon the addition of Gd, Figure 26, the ratio of the intensities 
of the two major peaks decreases from 0.94 to 0.85 and Ev increases to 
1016 Hz. However the chemical shifts of pe in the metalloprotein complex 
coincide with the values of the native enzyme. 

At 109.3 MHz, the primary factor regulating linewidth is the 
anistropy of the phosphorous group with a minor contribution due to di- 
polar relaxation. Therefore enhancements of Vn reported for the Gd- 
phosphorylase b complex may be attributed either to changes in the 
chemical shift anistropy due to metal induced conformational alterations 
of the coenzyme's environment or to the proximity of the paramagnetic 
ion to the Ee nucleus. Differentiation between these two modes of 
interaction requires higher spectral resolutions. It was interesting 
to note, however, that visible and ultraviolet spectral analyses in 
conjunction with the increased accessability of the schiff base to Ve, 
reduction would suggest from both structural models of the coenzyme (see 
Introduction), an increased accessability of PLP to solvent molecules. 

If the hydrophobicity of the pocket coordinating the coenzyme js in 
fact decreased, the phosphate group may experience fewer steric restraints 


on its degree of orientational freedom, a property which would contrast 


Syl 
with the ] observed in the P spectra. 


iv. Reversibility of Metal Binding 


The addition of an equimolar concentration of EDTA to phos- 
phorylase b at 6.6 X Tome M preincubated with an equal concentration 
of Cd at 30°C for 2.5 hr results in a slow reversal of the metallo= 


protein's characteristic spectra to native values. After three hours, 
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the conversion as evidenced by this method ; 5 virtually complete. 


v. Sulfhydryl Reactivity 

To obtain further information regarding metal induced confor- 
mational changes, the reactivity of the metalloprotein's sulfhydryl 
groups with DINB and PCMB were evaluated. A one to one mole ratio of 
monomer to Gd was incubated for 2.2 hr at 25°C before the addition of 


O,450uM DINB on 1 X% 10) M PCMB. Gamples were diluted) 90 fold ani co mM 


BES to eliminate possible metal interference with the sulfhydryl reagents. 


The native and the metallo forms of phosphorylase b are modified at the 
same rate and to the same extent with both PCMB, Fig. 21, and DTNB, thus 


confirming only localized metal induced conformational changes. 


2. Gadolinium Interactions with Phosphorylase in the Crystalline State 
a. SACTIVIEyY Studies with Crosslinked Crystals 

Previous sections dealt with the metal induced inactivation of 
phosphorylase in solution. Analogous studies were conducted with 
tetragonal crystals of the enzyme to ascertain whether Gd promoted 
similar effects within this state. 

Substrate solutions or crystal buffers, containing Gd con- 
centrations exceeding 10 mM, solubilized microcrystals of phosphorylase. 
Therefore the tetragonal microcrystals were crosslinked with glutar- 
aldehyde prior to activity assays or to exposure to saturating concen- 
trations of Gd. Microcrystals of phosphorylase a incubated for 2 days 
in either 10 mM or 40 mM Gd were diluted ten fold in substrate at zero 
time. Aliquots were removed and assayed for P. release as described in 
Methods. Linear regression analyses of the rate of P. production gre 


ae 


clearly indicative of metal induced inactivation. In the absence of Gd, 
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100. 


the crystals express activities in the order of 7.62 + 0.16 nmol /min/mg, 
whereas in the presence of 10 mM or 40 m™ Gd the activities are respect- 
ively 5.26 + 0.12 and 0.052 + 0.003 nmol /min/mg. 

Analogous experiments with crystals of phosphorylase b are 
less conclusive as the presence of IMP in the crystal buffer served to 
sequester Gd ions, Table 5. Consequently the concentration of free Gd 
is, not adequate to provide significant occupation of the low affinity 


Gd site responsible for inducing inactivation of the enzyme. 
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C. Discussion 


The extent of correlation between Gd binding sites in the two 
physical states of phosphorylase is assessed by comparing the physico- 
chemical characteristics of the metalloprotein within the solution state 
with the protein environment of the metal sites determined from x-ray 
crystallographic maps of phosphorylase a. Coordinates determined by 
Eletterick et sal (17). forthe: heavy metal derivatives of phosphorylase 
at 6 A® resolution, Table 4, demonstrate Gd occupation of two unique 
sites per monomeric unit. Although Gd replacement under the conditions 
of their experiment 1S not isomorphous, the diffraction data are 
interpretable. However, prolonged incubation of the crystal with Gd 
concentrations exceeding 10 mM induces major disruptions of the crystal 
lattice (79). Therefore allocations of weaker, alternate Gd sites are 
unavailable from the direct interpretation of x-ray maps of the enzyme. 

Analyses of Scatchard plots, obtained from water proton relax- 
ation data with the solution form of the metalloprotein, demonstrate 
the existence of a single, unique Gd site per subunit with an apparent 
Ky of 1.4uM. In addition the absence of further increases in the e* 
parameter upon titration of phosphorylase with Gd indicate that this 
metal site is the sole contributor responsible for relaxation enhance- 
ment and is therefore highly accessible to solvent contact. Extending 
these characteristics to the crystalline state of the Gd-phosphorylase a 
complex, it appears that Gd site i, which’ exhibits? bothtalhien 
occupancy factor and coordinates situating it on the protein solvent 
interface, correlates with the solution form of the metalloprotein in 
this respect. However a recent difference fourier analysis of a phos- 


phorylase a crystal soaked in a Mg free buffer which contained 0.1 mM Gd, 
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indicates occupancy of Gd site 2 in preference to Gd site l C7). iu 
other words, the absence of Mg competition with Gd ions for the protein 
increases the Gd binding potential of the second metal locus. If the 
bs of 5.10 mM reported by Birkett (14) for the second Mn site of phos- 
phorylase b is correct, then the high erriniey ca site, which in solution 
expresses a ies of 1.4uM, should be able to effectively displace the Mg 
ion during the 24 hr. soaking period. The solution studies with the 
Gd-phosphorylase complex were conducted in the absence of 10 mM Mg, 
therefore an apparent discrepancy exists between the solution and the 
crystal results. 

Modulation of the enzyme's characteristics examined in this 
Study upon occupation of the primary Gd site in solution include per- 
turbations of both subunit interactions and the equilibrium between 
tautomeric structures of the coenzyme. However observations regarding 
the retention of catalytic efficiency, AMP homocooperativity and sulf- 
hydryl reactivity within the metalloprotein at levels which parallelled 
the native enzyme, suggest the induction of only localized protein 
perturbations upon Gd coordination. The maintenance of active site 
integrity would be compatible with Gd sites 1] and 2 as these loci are 
situated within the crystal lattice more than 20 A® removed from the 
G-1-P coordinates. 

Incubation of phosphorylase with an equimolar concentration of 
Gd also induce the formation of a modified dimer in the case of phos- 
phorylase b both in the presence and absence of 1 mM AMP and enhances 
tetramer formation with phosphorylase a. It was interesting to note 
that Wang (74) observed identical perturbations of the quaternary 


structure when 1 mM AMP was incubated with the two enzyme forms. The 
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Slight turbidity incurred upon Gd occupation of the primary site could 
be attributed either to the involvement of Gd in the initiation of 
enzyme crystallization or to the formation of a less stable adduct upon 
Gd modulation of the alpha aggregation site relative to the effector 
AMP. If site 1 were equivalent to the high affinity site defined from 
solution studies, then alterations of subunit interactions would be 
attributed to conformational changes centered at a locus 30 A° removed 


from the metal site. Gadolinium site 2 however situated nearer 


LS 
the dimer interface. In addition the metals Mncl, and Pb(NO,)., coordinated 
Wi thinwangstroms of this) Gd) 2) locus. Kent (10) demonstrated that phos- 
phorylase b preincubated with 1 mM AMP formed tetramers in the presence 

of these two divalent cations. However in the absence of effector 
molecules, subunit interactions remained in the native form. If Gd 

effects parallelled those induced by Mn and Pb ions at site 2, then it 
would be difficult to rationalize the observed modification of dimer 
interaction dn ia ine to one complex of Gd Co phosphorylase) bednjithe 

absence of AMP. These observations suggest a closer correlation between 
Ehewnichattinity Gd isi te inethe solution state with Cd) site 1) ofmihe 
Crystalline: state. 

The shift in equilibrium imetavour of wthe, molecular ispeciesof PLP 
absorbing at 415 nm, as an equimolar concentration of Gd to monomer is 
added, appear . to be due to an increased solvent accessability of the 
coenzyme pocket, as the reaction of the metalloenzyme with NaBH, led to 
a reduction in the absorbance at 415 nm. However incubation of this 
metalloprotein with 1 mM AMP and 14 mM G-1-P serves to reverse the spectral 
band intensity at 415 nm to that characteristic of the native enzyme. 


Difficulties arose in correlating these coenzyme results with the 
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environment of Gd sites 1 and 2 as the locus of PLP within the erystal 
lattice has yet to be established. Phosphorous n.m.r. spectra were 
recorded to provide some information concerning the proximity of Gd 


to PLP. With respect to chemical shifts and Av the native enzyme 


T? 
correlates with the P3! spectra reported by Busby (75) for the coenzyme 
of phosphorylase b. Discrepencies between their work and the results 

of Feldman (9) were originally attributed to differences in enzyme 
concentration and perhaps AMP contamination of the sample. The signif- 
icance of the former parameter was discounted as this study was conducted 
at protein concentrations parallelling those used by the German group. 
Therefore the basis for these different results has yet to be resolved. 

A positive aspect of the P?! study 7oethe= tact that €dvinter— 
action with phosphorylase b exerts: subtle effects: on the spéctralof the 
coenzyme. Previous work by Barry (78) and Tanswell (79) had demonstrated 
the effect of the isotropic broadening probe, Gd, on nuclear relaxation. 


Therefore direct coordination of this lanthanide ion to the phosphorous 


nucleus would decrease the resonance peak intensities to noise levels. 


Since this property is not observed, the enhancement of ee 46° mttribut— 


ed either to metal induced conformational changes or to Gd complexation 
centered at a locus less than 20 A° away from the PLP site. Differenti- 
ation between these two modes of interaction jg difficult to ascertain 
due to’ the poor quality of the spectra. 

On the basis of spectral titration and protection studies 
obtained with the solution form of the enzyme, the existence of a second 
Gd site is proposed. Spectral analyses indicates the reversal of the 
enhanced PLP absorption peaks induced by the high affinity Gd site to 


native values with phosphorylase b. This property may be attributed 
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to a reinstatement of the coenzyme pocket's conformation to a state 
approximating the native enzyme. The apparent i of this second site 
as evidenced from spectral titration curves (Figures 10 and 11) 25 
approximately 6,9 uM, therefore this metal locus would be SutticLent ly 
occupied under the conditions of the n.m.r. experiment to exert para- 
magnetic effects on water proton relaxation. The absence of altered 2 
values after saturation of the high affinity Gd site was attained 
would therefore be due to a shielding of the metal's primary coordination 
sphere from water proton contact. To summarize the observations con- 
cerning the second Gd site thus far, this metal locus, which jg protect- 
ed by protein folding from the bulk solvent, exhibits a high affinity 
for Gd ions. Gadolinium occupation of this site returng the equilibrium 
of the coenzyme's tautomeric structures to a state characteristic of 
the native enzyme and in addition this metalloprotein retaing activity. 
Additional confirmation of an alternate Gd site may be inferred 
from effector and substrate protection studies. In the presence of a 
75 molar excess of Gd to monomer, phosphorylase jig inactivated and its 
subunit interactions are disrupted. However, preincubation of phos- 
phorylase b with AMP, IMP and ATP at respective concentrations of 1 m™, 
JO" aM and 5 mM protece the enzyme from Gd induced inactivation and 
cause immediate protein turbidity upon the addition of a 75 molar excess 
of the metal. Sedimentation velocity studies indicate that the nucleo- 
tide-phosphorylase b-Gd complexes formed tetramers. Under the same 
reaction conditions, the substrate, G-l-P, preventg . inactivation with- 
out the concurrent induction of protein turbidity. The disparity 
between the modes of effector and substrate modulation of the enzyme's 


affinity for, Gd at; the Low affinity site may be attributed either to 
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differing effects on the subunit interaction sites or on the allo- 
steric states of the enzyme or on the metal chelation ability of the 
phosphate functional groups. The former two possibilities may be 
eliminated on the basis of the following previously published data. 
Under the experimental conditions of this study, AMP, IMP, G-1-P and 
glucose had no discernable effect on the subunit interactions of native 
phosphosphorylase b, whereas ATP promotes monomerization (85). Allo- 
steric interpretations, using the nomenclature previously defined (8), 
would indicate that the R', I and IMP-phosphorylase b States of ‘the 
enzyme express a lower affinity for Gd relative to the T state. How- 
ever at concentrations wherein the substrate exerts virtually complete 
protection, G-1-P binds only weakly to the T state. Therefore the 
protection of phosphorylase b from Gd effects at high concentrations of 
the metal, appears to be due to the ability of phosphate to sequester Gd 
ions, Table 5. Consequently Gd chelation by ATP, IMP, AMP and G-1-P 
would prevent significant occupation of the Gd site(s) responsible for 
inducing subunit dissociation and inactivation, whereas the Gd site 
number 2 would be capable of coordinating metal ions at these concentra- 
tions. 

The previously mentioned sedimentation velocity studies of the 
nucleotide-phosphorylase b-Gd complexes imply that Gd occupation of the 
second metal site promotes tetramerization of the enzyme in the presence 
of AMP, IMP and ATP. This observation in conjunction with the retention 
of the integrity of the active and coenzyme sites, suggests strong 
similarities between this locus and the divalent cationic site character- 
ized by Kent (10). Of the two Gd sites published by Fletterick (17) for 


phosphorylase a, Gd site 2 exhibits properties which align most satis- 
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Table V 


Complexation of Effectors and Substrates with Phosphorylase b, Mn and Gd 


pS OOS 


Ligands Dissociation Constant (mM) 


(Sie 
phosphorylase be MnP Gd Ligand (mM) 
AMP Ore. (Ons) ORS ee ee 
GoteP | 50 1258) 
ATP Gar 0.0001 520 
IMP | 1.0 10.0 
glucose BORO 


The column on the extreme right indicates the ligand concentrations 
used in the protection studies involving the low affinity Gd site. 


The=superscripts ‘'a’, "b', and "ce" refer respectively to Trererences 


SO, 14 and SOL. 
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factorily with the observed characteristics of the secondary Gd locus 
within the solution state of phosphorylase. 

Crystallographic and proton relaxation data failed to discern 
the weaker site(s) of Gd interaction with phosphorylase. Since spectral 
and activity studies of phosphorylase b in solution equilibrated with 
varying concentrations of Gd indicate a fifty percent occupancy of this 
site at a metal concentration of 1.5 mM, Gd coordination to the protein 
would be too weak to affect , Significantly. Additional verification 
of the weak interaction of Gd with this site was obtained from the 
previously outlined ligand protection studies. 

Occupation of the low affinity Gd site(s) upon incubation of 
the solution form of the enzyme with concentrations of metal exceeding 
1.5 mM, 1S characterized by polydisperse schlieren peaks, loss of 
enzymatic activity, increases in the peak intensities at 415 nm, loss of 
AMP homocooperativity and enhanced reactivity of Cys residues with DINB 
and PCMB. 

The loss of catalytic activity may be a direct result of the 
perturbation of subunit interactions, as x-ray maps of phosphorylase 
have situated the active site in close proximity to the dimer interface. 
It was interesting to note that phosphorylase crystals incubated with 
a 10 mM or greater concentration of Gd also express . significant con- 
formational changes. -Metalloprotein crystals, uncrosslinked with glutar- 
aldehyde, are solubilized within a few hours. The crosslinked crystals 
of phosphorylase a, used in activity assays, exhibit fracturing of the 
crystal lattice structure and losses of activity upon exposure to satur- 
ating Gd concentrations. Both lines of evidence suggest that the Gd 


induced changes of the protein's conformation are capable of disrupting 
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crystal lattice stabilization forces. 

Modulation of the PLP pocket in phosphorylase solutions con- 
taining a 20 or greater molar excess of Gd to monomer are not due to the 
direct stabilization of the schiff base via Gd coordination between the 
phenolic group of the pyridoxal ring and the imine nitrogen. This 
conclusion was based on the absence of fluorescence quenching and spectral 
peak shifts within the metalloprotein. The opposite characteristics are 
observed with the metallocomplexes of pyridoxal derivatives. Therefore, 
occupation of the lowest affinity site by Gd induces conformational 
repercussions at the coenzyme pocket. The PLP site within the metallo- 
enzyme experiences increased contact with the bulk solvent, as evidenced 
by the complete reduction of the schiff base with Nee and the increased 
EBeactivinnye Of PLP awit SEL Although an isosbestic point is observed 
Figure 16, the rate of peak intensity increases at 415 nm preceeds' the 
loss of optical density at 330 nm. These data suggests that the protein 
bound PLP consists of an equilibrium mixture involving more than two 
molecular structures of the coenzyme and that Gd promotes the formation 
of the schiff base tautomer which absorbs at 415 nm. 

ine specificity of the low atiinity Cd site ies sditiacult lo 
establish on the basis of the preceeding data. However analogies 
between the protein characteristics expressed upon carbodiimide modi- 
fication (84) and Gd coordination suggest that the site of modulation 
may be centered at identical functional groups. Incorporation of 
1-1.4 14c_plycinate ethyl ester molecules per subunit upon carbodiimide 
activation of phosphorylase in solution, indicate that the perturbation 
of a unique site is responsible for alterations of the active, coenzyme 


and Subunit! interaction sites. 
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APPENDIX I 
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Calculations for Water Proton Relaxation Data 


a. Observed Enhancement (€*) 
eco Th ay Cee ty 
iP / ip!‘ / 1M / Vv 
where 1/T is the observed relaxation in the presence of Gd and protein, 
AAA is the observed relaxation in the presence of protein, 
WT is the observed relaxation in the presence of Gd and buffer, 


ak is the observed relaxation in the buffer. 


De eocabcnard Plot 
i. Relation of e* to the concentrations of free and bound Gd may be 
expressed as: 


Mo pes = Me <2 iM e 
(e foe BB 


where M refers to the concentration of metal in molarity, 
e refers to relaxation enhancement, 
the subscripts: f refers to unbound metal ions, 
B refers to metal coordinated to protein, 
t refers to the total metal concentration. 
fi. Providing conditions of fast exchange Gxist TM a (60) then Ee 
is equal to one. 


iii. Once the concentrations of free and bound metal are determined from 


equation i, RS and n may be determined from: 
K = E)(M -M /M 
7 ((n aa . Bee P 
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where E refers to the concentration of phosphorylase monomer in molarity. 
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APPENDIX IL 
Calculations tor Polarized Lient Data 


a. Optical Rotary Dispersion Calculations (82) 
The fraction (f) of alpha helical, beta sheet and random coiled structures 


were determined from the following equations: 


Paw. Gero 
OnexX 


a 

2S Cee 3 ay Gime St 
b O° ex re) 
Pee ce ree) 

if fs) b 


where the subscripts a refer to alpha helix, 
b refer to beta sheet, 
©“ reter to random cor, 
ex refer to experimentally determined values from 
Yang Moffat plots. 


The constants were derived from model studies (82). 


alpha, helix beta sheet random coil 
a 0° 400° 60" 
0) 
b -630° 0° O° 
fo) 


be) Circular Dichroism Calculations (32) 
The following equations were solved for the fractions of alpha helix (f) 
and beta sheet (ft using experimentally determined ellipticity factors 


(6); where the subscript refers to the wavelength (nm) examined. 
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APPENDIX IIL 


The Crick Magdoff Equation for Approximating the Fractional Change in 
Intensity Eeeered upon Heavy Atom Binding to a Protein Molecule 
i. rms AL 2 rms AF 
= ((2N,)/N,)1!? @/fp) = 
(1) F 
where rms AI refers to the root mean square of the fractional 
iD intensity produced upon stoichiometric binding 
of heavy atoms to a protein molecule, 
N,, refers to the number of heavy atom sites per 
protein molecule, 
N. refers to the number of atoms per protein molecule, 
f refers to the number of electrons per heavy atom, 
f refers to the number of electrons per protein 
monomer, 


F is equivalent to yi/2 


2. Equation interpretation for phosphorylase-PAC complexes 


* pas AF/F 
Enzyme form Nu Ny f a rms AF/ 
PHOSPHORYLASE b 0) 8000 80 7 OF 
PHOSPHORYLASE a 255 8000 80 7 17 


* reference 83 
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